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ABSTRACT  
   
In this dissertation, I described my research on the growth and characterization of 
various nanostructures, such as nanowires, nanobelts and nanosheets, of different 
semiconductors in a Chemical Vapor Deposition (CVD) system.  
In the first part of my research, I selected chalcogenides (such as CdS and CdSe) 
for a comprehensive study in growing two-segment axial nanowires and radial 
nanobelts/sheets using the ternary CdSxSe1-x alloys.  I demonstrated simultaneous red 
(from CdSe-rich) and green (from CdS-rich) light emission from a single monolithic 
heterostructure with a maximum wavelength separation of 160 nm. I also demonstrated 
the first simultaneous two-color lasing from a single nanosheet heterostructure with a 
wavelength separation of 91 nm under sufficiently strong pumping power. 
In the second part, I considered several combinations of source materials with 
different growth methods in order to extend the spectral coverage of previously 
demonstrated structures towards shorter wavelengths to achieve full-color emissions. I 
achieved this with the growth of multisegment heterostructure nanosheets (MSHNs), 
using ZnS and CdSe chalcogenides, via our novel growth method. By utilizing this 
method, I demonstrated the first growth of ZnCdSSe MSHNs with an overall lattice 
mismatch of 6.6%, emitting red, green and blue light simultaneously, in a single furnace 
run using a simple CVD system. The key to this growth method is the dual ion exchange 
process which converts nanosheets rich in CdSe to nanosheets rich in ZnS, demonstrated 
for the first time in this work. Tri-chromatic white light emission with different correlated 
color temperature values was achieved under different growth conditions. We 
demonstrated multicolor (191 nm total wavelength separation) laser from a single 
  ii 
monolithic semiconductor nanostructure for the first time. Due to the difficulties 
associated with growing semiconductor materials of differing composition on a given 
substrate using traditional planar epitaxial technology, our nanostructures and growth 
method are very promising for various device applications, including but not limited to: 
illumination, multicolor displays, photodetectors, spectrometers and monolithic 
multicolor lasers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  iii 
DEDICATION 
   
This dissertation is dedicated to my whole family, especially my wife, Nejla 
Turkdogan, my daughter, Ece Turkdogan, and my son, Tan Turkdogan. 
Without them, this dissertation would not have been possible.  
  iv 
ACKNOWLEDGMENTS  
   
I would like to gratefully and sincerely thank my advisor, Prof. Cun-Zheng Ning, 
for giving me a great opportunity to work on such an exciting research project in his 
group, and for his guidance, interest and support. I would also like to thank my 
committee members, Prof. Joseph C. Palais, Prof. Hongbin Yu, and Dr. A. John Mardinly 
for serving in my committee and their suggestions. I want to especially thank Dr. A. John 
Mardinly for helping me to do the HRTEM characterizations as well.  
I want to thank all the current and former members of Dr. Ning’s Nanophotonics 
Group who made this dissertation much easier with their comments, technical support 
and friendships, namely: Seyed Ebrahim Hashemi Amiri, Fan Fan, Zhicheng Liu, David 
Shelhammer, Patricia Nichols, Leijun Yin, Derek Caselli, Haotong Wang, Kang Ding, 
Curtis Mackay, Jaime Diaz, Gejian Zhao, Hao Ning, Donghzi Chen, Debin Li and 
Minghua Sun. I express my appreciation to Fan Fan and Zhicheng Liu who did the more 
detailed optical measurements and simulations for my research. I also want to thank 
David Wright for helping me with many technical issues, system arrangements etc., and I 
gratefully acknowledge the use of facilities in Center for Solid State Electronics Research 
and LeRoy Eyring Center for Solid State Science. 
I also want to acknowledge the Republic of Turkey’s Ministry of National 
Education for giving me this great opportunity, and for supporting me through my 
graduate education at Arizona State University. 
I wish to thank my parents, Esma and Ahmet Turkdogan, sister, Sevdiye 
Turkdogan Aladag, niece, Ela Aladag, brother in law, Seckin Aladag, and the rest of my 
family for making life in the USA much easier by teleconferencing almost every day, and 
  v 
for their understanding and unconditional support. Last, but not least, I thank my wife, 
Nejla Turkdogan, my daughter, Ece Turkdogan, and my son, Tan Turkdogan, who 
always make me so happy with their excited and smiling faces when I get home at the 
end of every work day.……...............         ……………….……….
  vi 
TABLE OF CONTENTS  
          Page 
LIST OF TABLES .................................................................................................................... x  
LIST OF FIGURES ................................................................................................................. xi  
CHAPTER 
1  INTRODUCTION 
    1.1 Overview of Nanotechnology......................................................................................... 1  
    1.2 History of Nanostructures ............................................................................................... 3  
    1.3 Why Nano? ..................................................................................................................... 5  
2 NANOSTRUCTURE (WIRE/BELT/SHEET) GROWTHS 
    2.1 Synthesis of Nanostructures ........................................................................................... 8  
    2.2 Nano Heterostructures .................................................................................................. 13  
       2.2.1 Axial Nanostructures .............................................................................................. 14  
       2.2.2 Radial Nanostructures ............................................................................................. 16  
       2.2.3 Growing Axial or Radial Nanostructures through Ion Exchange ......................... 19  
          2.2.3.1 Introduction to Ion Exchange ........................................................................... 19  
          2.2.3.2 Various Structures Grown via Ion Exchange Process ..................................... 21  
    2.3 The Influence of the Catalyst........................................................................................ 23  
    2.4 The Edge Effect ............................................................................................................ 26  
3 SYNTHESIS AND CHARACTERIZATION METHODS 
    3.1 Chemical Vapor Deposition (CVD) Growth System .................................................. 31  
 
 
  vii 
CHAPTER Page 
    3.2 Optical Characterization Technique ............................................................................. 31  
       3.2.1 Photoluminescence (PL) Spectroscopy .................................................................. 31  
    3.3 Structural Characterization Techniques ....................................................................... 34  
       3.3.1 Scanning Electron Microscopy (SEM) .................................................................. 34  
       3.3.2 Transmission Electron Microscopy (TEM) ........................................................... 35  
       3.3.3 Atomic Force Microscopy (AFM) ......................................................................... 38  
       3.3.4 4 Energy-Dispersive Spectroscopy (EDS, EDX OR EDAX) ............................... 40  
       3.3.5 X-ray Diffraction (XRD) ........................................................................................ 41  
    3.4 Nanostructure Manipulation ......................................................................................... 42 
      3.4.1 Contact Printing ....................................................................................................... 44 
      3.4.2 Tapered Fiber Manipulator ...................................................................................... 46     
      3.4.3 Wet Dispersion Method ........................................................................................... 48     
4 EXPERIMENTAL SETUPS 
    4.1 Chemical Vapor Deposition (CVD) Setup................................................................... 52  
    4.2 Micro-PL  (µ-PL) Setup ............................................................................................... 57  
5 SELECTION OF APPROPRIATE MATERIALS and MORPHOLOGIES FOR 
VISIBLE PHOTONIC APPLICATIONS 
    5.1 Material Selection ......................................................................................................... 61  
    5.2 Properties of II-VI Materials, Specifically CdS, CdSe, and ZnS ................................ 63  
    5.3 Determining the Best Morphology for Photonic Applications ................................... 66  
6 TWO SEGMENT CdS- and CdSe-RICH NANOWIRES and BELTS 
    6.1 Introduction to Two Segment CdS-CdSe Growth ....................................................... 78  
  viii 
CHAPTER Page 
    6.2 Experimental Section .................................................................................................... 80  
    6.3 Characterization Methods ............................................................................................. 86  
    6.4 Results and Discussion ................................................................................................. 87  
       6.4.1 Growing “CdS NW + CdSe NW” Structures .................................................... 89  
       6.4.2 Growing “CdS NW +transition region +CdSe NW” Structures ...................... 90  
       6.4.3 Growing “CdS NW + CdSe belt” Structures .................................................... 91  
       6.4.4 Growing “Cds NW + CdSe NW” in a Kinked Structure ...................................... 92  
       6.4.5 Growing “CdS belt + CdSe tapered belt and shell layer over CdS belt”        
.Structures ................................................................................................................................ 93 
       6.4.6 Growing           “tapered CdS belt + thick CdSe shell layer”…Structures ....... 94 
       6.4.7 Growing “CdS sheet + CdSe shell layer” Structures ........................................ 96  
       6.4.8 Growing “CdS NW + CdS tapered belt with CdSe shell layer in a flag- like 
structure” Structures ............................................................................................................. 97  
       6.4.9 Comparison of Four Sequent Substrates Grown in the Same Experiment….…. . 99  
    6.5 Observations from the Two-Segment Growth Experiments ..................................... 101  
    6.6 Device Applications .................................................................................................... 104  
      6.6.1 Demonstration of Dual-Color Lasing from Segmented Nanostructures .............. 104  
      6.6.2 Potential Device Applications: Electrically Driven Multicolor Light Emitting 
Nanowires and Nanosheets ................................................................................................... 112  
      6.6.3 MSHN-based Solar Cells and Detectors ............................................................... 115  
    6.7 Conclusion .................................................................................................................. 116  
  ix 
CHAPTER Page 
7 GROWTH, CHARACTERIZATION and DEVICE APPLICATIONS OF ZnCdSSe-
based MONOLITHIC NANOSHEET HETEROSTRUCTURES 
    7.1 Introduction ................................................................................................................. 118  
    7.2 Growth, Characterization and Results ........................................................................ 125  
      7.2.1 Growth Mechanism of the Nanosheets ................................................................. 139  
      7.2.2 Direct Evidence of Simultaneous Anion and Cation Exchange Processes..... ..... 143 
      7.2.3 Versatility of the Growth Method used in This Chapter ...................................... 148   
    7.3 Device Applications .................................................................................................... 151  
      7.3.1 Demonstration     of      the      World’s     First     Multicolor   LASER based on 
MSHNs   . .............................................................................................................................. 151  
      7.3.2 Effect of Surface Roughness ................................................................................. 160  
      7.3.3 How to Calculate the Chromaticity of Mixed Colors from a Multicolor Laser or 
LEDs ..…............................................................................................................................... 162  
      7.3.4 Possible Device Applications using MSHNs ........................................................ 164  
    7.4 Conclusion .................................................................................................................. 170  
8 FUTURE WORK ............................................................................................................... 172  
REFERENCES ..................................................................................................................... 173  
  x 
LIST OF TABLES 
Table Page 
2.1     Semiconductor Nanowire Heterostructures .............................................................. 14 
2.2     Comparison of Atomic and Ionic Radii of Several Elements .................................. 20 
3.1     The Luminescent Energy of a Material Depending on the Recombination     
……..Process   ..................................................................................................................... 34 
5.1     Properties of ZnS, CdS, and CdSe Compound Semiconductors .............................. 65 
5.2     Band Structure Parameters used in the Calculation of Absorption and Gain 
……..Coefficients ................................................................................................................ 68 
5.3     Complex Refractive Indices ...................................................................................... 74 
6.1     Growth Conditions for “CdS NW + CdSe NW” Structures..................................... 90 
6.2     Growth Conditions for “CdS NW +transition region +CdSe NW” 
……..Structures.. ................................................................................................................. 91 
6.3     Growth Conditions for “CdS NW + CdSe belt” Structures ..................................... 92 
6.4     Growth Conditions for “CdS NW + CdSe NW” in a Kinked Structure .................. 93 
6.5     Growth Conditions for “CdS belt + CdSe tapered belt and shell layer  ……..over 
CdS belt” Structure .............................................................................................................. 94 
6.6     Growth Conditions of Samples used to Show the Substitutional Effect .................. 95 
6.7     Growth Conditions for “CdS sheet + CdSe shell layer” Structure ........................... 97 
6.8     Growth Conditions for “CdS NW + CdS tapered belt with CdSe shell ……..layer 
in a flag-like structure” Structures ....................................................................................... 99 
7.1     Comparison of Vapor Pressure Values of Some Materials .................................... 122 
7.2     Comparison of Pixel Sizes of Widely Used Devices and Our Laser Structure ..... 167 
  xi 
LIST OF FIGURES 
Figure Page 
1.1.  Number of Nano, Nanostructure, Nanowire and Nanosheet Related Papers 
Published Annually from 1990 through 2013 ............................................................... 5 
1.2.  Density of States for 3D Bulk (blue line), 2D Quantum Well (red line), 1D Quantum 
Wire (green) and 0D Quantum Dot (black) Semiconductors ........................................ 6 
2.1.  Binary Phase Diagram for Au and Si ........................................................................... 9 
2.2   Sequence of Crystal Growth with Different Morphologies ...................................... 10 
2.3   Possible Nucleation Sites on a Given Nanowire ....................................................... 12 
2.4   Schematic Diagram of the Two Different Growth Modes of Heterostructure 
Nanowires ...................................................................................................................... 16 
2.5   An Example of Segmented Nanowire Growth where the First Case Meets the 
Interfacial Surface Energy Balance and Results in Growing Axial Wires, Whereas the 
Second Case Ends Up Growing Kinked Nanowires Because of the Larger Total 
Interfacial Surface Energy.. .......................................................................................... 16 
2.6   Axial Nanowire Growth Sequence ............................................................................. 18 
2.7   Radial Nanowire Growth Sequence ........................................................................... 18 
2.8   Schematic of Various Structures Transformed by Ion Exchange Processes ............ 19 
2.9   Schematic of the Transformation Processes for Structures of Different Sizes... ...... 21 
2.10   Cation Exchange Processes to Form Various Types of Nanowire Structures, such 
as Core-Shell, Solid and Superlattice ........................................................................... 22 
2.11   The Effect of Au Migration ...................................................................................... 23 
2.12   Energy Transfer Mechanism (a) without and (b) with Deep Level Impurity States 25 
  xii 
Figure Page 
2.13   The Difference in the PL Spectra of the Er-Si Nanowires Grown with Different 
Catalyst Materials ......................................................................................................... 25 
2.14   TEM Images of the Samples with Au and Au-Pd Catalysts ................................... 26 
2.15   10o Tilted (left) and Parallel (right) Substrates to the Horizontal Plane, and Their 
Final Pictures after Growth .......................................................................................... 27 
2.16   Cross-sectional SEM Image of a Two-segment CdS-CdSe Sample ....................... 28 
2.17   Comparison of Boundary Layers and Deposition Rates of Two Different  
Substrates ............................................................................................................................ 29 
2.18   30o Tilted SEM Images of the Samples Grown to Get Vertically Aligned NWs on a 
SiO2/Si Template .......................................................................................................... 30 
3.1   Schematic of a Scanning Electron Microscope ......................................................... 35 
3.2   Layout of Internal Components in a Basic TEM System. ......................................... 37 
3.3   Ray Diagrams for TEM and STEM Modes ............................................................... 38 
3.4   Schematic of AFM Operation .................................................................................... 39 
3.5   Principle of Bragg’s Law ............................................................................................ 42 
3.6   Schematic Illustration of the Contact Printing Method used for This Work ............ 45 
3.7   Schematic of the Homemade Tapered Fiber .............................................................. 46 
3.8   Optical Images of the Tapered Fiber Probes .............................................................. 47 
3.9   Experimental Setup of Nanostructure Manipulator ................................................... 48 
3.10 Comparison of the Dispersed Structures w/ and w/o Wet Dispersion Method.. ...... 49 
3.11   Schematic Illustration of the Wet Dispersion Method with the Sequential Stages  51 
 
  xiii 
Figure Page 
3.12   Experimental Illustration of the Wet Dispersion Method Shown Schematically in 
Fig. 3.11 ........................................................................................................................ 51 
 
4.1   Schema of Our Chemical Vapor Deposition System for Growing a Variety of 
Nanostructures (a) and Real Picture of the Vacuum System (b)................................. 55 
4.2   The Types of Furnaces We Have in Our CVD Lab. ................................................. 56 
4.3   Schematic of UV-Visible Micro-PL (µ-PL) Setup (a) Real Picture of the Setup (b). 60 
 
5.1   Bandgap Energy Versus Lattice Constant of Common Semiconductor Materials, 
with Accompanying Solar Spectrum on the Right ...................................................... 63 
5.2   Intrinsic Defect Levels of CdS Material .................................................................... 66 
5.3   Different Cavity Designs to Achieve Multicolor Lasing........................................... 67 
5.4   Band Lineups across the Three Segments of a Heterostructure Nanosheet .............. 70 
5.5   Refractive Index Profile at 455 nm, 530 nm and  590 nm Wavelengths in the Three 
Different Segments ....................................................................................................... 71 
5.6   Refractive Index Profiles and the Confinement Factors ............................................ 72 
5.7   Theoretical Analysis of Mode Profile and Modal Gain/Loss .................................... 75 
5.8   Possible Morphologies of Multi-segmented Nanosheet Structures .......................... 77 
6.1   Schematic Illustration of the System used to Grow Two Segment CdS-CdSe 
Structures (a) and Real Picture of the Extension used for Introducing Source Material 
(b) .................................................................................................................................. 82 
6.2    Illustration of Growth Steps for Synthesizing Two-Segment CdS-CdSe Structures 86 
6.3    SEM Image of a CdS-CdSe Two Segment Sample and Close up SEM Image (inset) 88 
  xiv 
Figure Page 
6.4    PL Images of Different Morphological Structures Grown under Different 
Conditions ..................................................................................................................... 89 
6.5    Substitution Effect on Samples Grown with Different CdSe Growth 
Times…………………………………………………………………………….....96 
6.6    PL Images of Structures Grown on the Four Sequent Substrates .......................... 100 
6.7    Normalized PL Spectra and Original PL Spectra (inset) Taken from the Four 
Sequent Substrates of Sample ST-3-21 ...................................................................... 101 
6.8    Real-color PL Image of a Nanosheet under Low Pumping Power Density at Room 
Temperature (A) and under 409 kW cm−2 at 77 K (B). The Dashed Lines in (B) 
Denote the Side Edges of the Nanosheet. The Scale Bars in (A) and (B) are10µm. (C) 
Schematic Diagram of the Nanosheet Waveguide Structures. (D) PL Spectra at 77 K 
under Increasing Levels of Pumping Power Density of 77, 173, 241, 338 and 668 kW 
cm−2 from Bottom to top ............................................................................................ 106 
6.9    High-resolution (black solid) and Low-resolution (blue dash) Spectra for the 
Orange Lasing Peak Pumped at 424 kW cm−2 .......................................................... 107 
6.10    (A) Output Intensities of the Two Lasing Colors versus Pumping Power Density at 
77 K in Double-log Scale. The Three Straight Lines Indicate the Slopes of Three 
Distinct Regimes of Emission. (B) Same as in (A), but on the Linear Scale, where We 
also Show the Spontaneous Emission (Blue Color with Triangles) with a Strong 
Saturation When Pumped above the Threshold. (C) Same as in (A), but Shows the 
Fitting with the Multi-mode Laser Model, as Explained in the Text. ....................... 108 
 
  xv 
Figure Page 
6.11  Real-color PL Image of a Nanosheet at RT under Low Pumping Power Density (A) 
and Under 667 kW cm−2 (B) ...................................................................................... 109 
6.12    Real-color PL Image of a Nanosheet at RT by Changing the Growth Method under 
Low Pumping Power Density (A) and under High Pumping Power Density (B) .... 110 
6.13   Optical Characterization   of a Straight and Looped CdSSe Alloy Nanowires ..... 112 
6.14    Schematic Diagrams of the Color Tunable LED and Laser Devices based on 
Segmented CdSSe (A), Nanowire (C) and Nanosheets (D) ...................................... 115 
7.1   The CIE 1931 Chromaticity Diagram Shows the Obtainable Colors along the 
Dashed Line in (A) from Two Segment Nanostructures and (B) Shows Significantly 
Enhanced Color Availability When a Blue Emitting Segment is Added ................. 121 
7.2   Common Semiconductor Materials with Their Bandgap Energy and Lattice 
Constant Values .......................................................................................................... 121 
7.3   Growth Setup and Temperature Profile within the 1-Zone Furnace ....................... 127 
7.4   Composition-graded Quaternary Alloy Nanostructures on a Single Quartz 
Substrate...…………………………………………………………………………129 
7.5   Growth Procedure of the MSHNs ............................................................................ 130 
7.6   SEM Images of Individual Structures Dispersed onto a Cu TEM Grid.................. 133 
7.7   Structural Characterization of an MSHN ................................................................. 133 
7.8   Correlation of the Emission Wavelengths and the Lattice Plane Spacing with 
Experimental Data ...................................................................................................... 135 
7.9   (a) PL Spectra of the Twelve Different Structures (b) Corresponding Position of the 
Structures on the CIE Chromaticity Diagram (c) PL Images of Those Structures ... 138 
  xvi 
Figure ............................................................................................................................... Page 
7.10   Illustration of the Intermediate Colors and White Light Emission from the Bottom 
Edge via Propagation across the Structure ................................................................. 139 
7.11   Proof of the Nanosheet Growth Mechanism..………………………………….  142 
7.12   Illustration of the Polar and Non-polar Surfaces with Structure Models .............. 143 
7.13   Demonstration of the Simultaneous Dual-ion Exchange Mechanism .................. 144 
7.14   Direct Evidence of the Dual Ion Exchange Process through XRD and PL  
Analyses ............................................................................................................................ 147 
7.15   PL Spectra and Images of Nanosheets Grown using Three Different Substrate 
Position Sequences ..................................................................................................... 149 
7.16   Growing wider Bandgap Material Between Two Adjacent Segments ................. 151 
7.17   Schematic of the Uniform Pumping System .......................................................... 155 
7.18   Simultaneous Multicolor Lasing from a Single MSHN ........................................ 156 
7.19   High-resolution lasing spectra from the MSHN in Fig. 7.18 ................................ 156 
7.20   Light-in-light-out (LILO) Curve with Multimode Lasing Fitting ......................... 158 
7.21   Color Gamut of MSHNs ......................................................................................... 159 
7.22   PL Spectra of Five-color Lasing at Different Pumping Levels ............................. 160 
7.23   AFM Surface Scan and Theoretical Analysis of Cavity Q of the  Nanosheets  ... 162 
7.24   Extraction of the Lasing Peak Intensities ............................................................... 164 
7.25   Schematic Diagrams of the Full-color Tunable (A) LED and (B) Laser Devices 
based on a ZnCdSSe MSHN. (C) CIE 1931 Color Space Chromaticity Diagram with 
the Color Gamut Coverage for LED and Laser Cases .............................................. 165 
7.26   Schematic Illustration of Different Display Technologies .................................... 166 
  xvii 
Figure Page 
7.27   Schottky Junction Solar Cell Concept based on Single MSHNs .......................... 168 
7.28   A Photodetector Concept based on ZnCdSSe Full Composition-graded 
Nanostructures across a Single Substrate to Detect the Incident Photon Wavelength169 
7.29   Full-color Tunable Hybrid Device Concept based on the ZnCdSSe Full 
Composition Graded Nanostructures on Top of an Optical Fiber ............................ 170 
  1 
Chapter 1 
INTRODUCTION 
1.1 Overview of Nanotechnology  
After Richard Feynman gave a talk entitled “There is a plenty of room at the 
bottom”, in 1959, he got the scientific world thinking small. As a matter of fact, he 
predicted nanotechnology in this talk, but Norio Toniguchi first introduced the term in a 
1974 conference paper [1]. His conception of nanotechnology was based on the scaling 
down of existing technology using the top-down approach.  On the other hand, K. Eric 
Drexler first introduced the term “bottom-up” in 1986 [2]. Since those times, 
nanotechnology has attracted the interest of many. In recent years scientists from a 
number of scientific disciplines, including electrical engineering, mechanical 
engineering, physics, chemistry, materials science, biology and many others, have 
devoted considerable efforts towards realizing its unique potential. 
 In general, nanotechnology refers to anything much smaller than a human hair. If 
we consider that a human hair is about 60 m ( 660 10x m ) in diameter, we can imagine 
how small it is. Although it is much smaller than any object we encounter in daily life, it 
is larger than the scale of individual atoms and molecules. Thus, as Richard Feynman 
said, “There is a plenty of room at the bottom” for further miniaturization. Nanoscale 
objects are impossible to see with the naked eye, even with optical microscopes; one 
must use very capable and powerful devices to visualize the world at that scale. This begs 
the question: why would scientists try to play with such tiny structures that require very 
capable machines to see them? The simple answer is that small devices are always faster 
than comparable bulk devices and, due to their small size, they are lighter and can get 
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into small spaces. Another very important consideration is that they are cheaper and more 
energy efficient compared to bulk technologies. Furthermore, the small size scale brings 
about novel properties that can be used to create devices not previously realized.  
 In the world of nanotechnology, there are two paradigms: “top-down” and 
“bottom-up”. These employ different techniques to create complex structures, 
architectures and devices.  The top-down method is quite a mature technique that has 
been used by the semiconductor electronics industry for many years.  The industry made 
integrated circuits smaller and smaller by exploiting the top-down approach. This method 
is conceptually similar to what the sculptors do; one starts with a large substrate, and uses 
different lithography and growth techniques to etch and deposit layers to fabricate 
structures which have small dimensions. Over the last 30 years we have seen a significant 
shrinking of device size, even approaching atomic size. However, due to a lack of new 
techniques and the limits of current techniques, it is not possible to scale down to atomic 
size using the top-down approach. Intel recently announced that microprocessors 
composed of 14 nm transistors will be on the market soon, and the same company’s 
roadmap indicates that 10, 7 and 5 nm transistors will be manufactured in 2016, 2018 and 
2020, respectively, employing the top-down approach. The introduction of the 5 nm 
transistors is expected to be the end of Moore’s Law, which says that the number of 
transistors in a given area is doubled approximately every two years. 
 The bottom-up approach is completely different in its view of device fabrication. 
Using this technique it is possible to overcome the limit of the top-down approach, 
opening the door for the production of devices composed of just a few atoms or 
molecules. This technique is more like assembling a sculpture from very tiny pieces of 
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raw material. In this case, we use very simple building blocks, such as individual atoms 
or molecules, to build a more complex device. This technique will pave the way for novel 
devices; however, in order to make mass production feasible, much effort must be 
expended to find time- and cost-effective assembly techniques. 
 The most impressive feat of the bottom-up approach was demonstrated by IBM in 
1989, when they wrote out the letters “IBM” by manipulating 35 individual Xenon 
atoms. On the other hand, some methods such as Langmuir-Blodgett and contact printing 
have been found to align nanowires and other nanostructures by compressing the surface 
of the solution [3] or dispersing from the as-grown sample to a receiver substrate [4] by 
contacting, respectively. In this way, nanostructures can be transferred to any substrate to 
build new devices.  So far, there has been no such technique used at a mass production 
level to assemble nanostructures, but in the near future this may be accomplished as 
many scientists and engineers are currently working on this new approach. In this 
dissertation, I will mostly concentrate on different growth techniques utilizing the 
bottom-up approach to synthesize a variety of nanostructures.  
 
 
1.2 History of Nanostructures 
The history of nanostructure growth actually began with the vapor-liquid –solid 
(VLS) growth mechanism and the equation: 
2
min lv
ln( )
Vl
R
RT s
 , 
 used by R.S. Wagner to describe the growth of so-called “whiskers” (the outmoded term 
by which nanowires were known at the time) in 1964 [5]. This equation actually defines 
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the minimum nanowire radius by using Vl, the molar volume of the metal droplet, σlv, the 
liquid-vapor surface, and s, the degree of supersaturation of the vapor. Scientists at 
Hitachi utilized this technique and to grow III-V nanowires in the early 1990s [6, 7]. The 
group achieved both position and orientation control of the nanowires, and also grew the 
first p-n junction based on nanowires. Later, other research groups also started to work in 
this area. A new growth technique called the solution-liquid-solid (SLS) process was 
proposed by William Buhro’s group at Washington University [8]. Also during that time, 
Charles Lieber’s group at Harvard University started work on inorganic nanorods [9]. 
Those are the first research groups that initiated research into this enchanting technology.  
The first publications related to nanosheets, nanoribbons and nanobelts appeared 
in the literature in 1997, 1999 and 2002, respectively. In the late 1990s, semiconductor 
nanowires were becoming a very popular research area, and grew rapidly.  After that 
time, many research groups began working on semiconductor nanostructures and their 
potential device applications. This huge growth in interest can be seen from the bar plot 
(Fig. 1.1) which shows the number of “nano,” “nanostructure,” “nanowire” and 
“nanosheet” related papers over time. It is very obvious that the number of published 
papers exploded over the last two decades. Despite a small drop in publications in 2013, 
interest in this topic is still very high.  
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Figure 
1.1 Number of nano, nanostructure, nanowire and nanosheet related papers published 
annually from 1990 through 2013. Colors indicate the different terms searched for, and 
number of papers with respect to the year.               (Source: ISI Web of Knowledge) 
 
1.3 Why Nano?   
. Since current microelectronic technology is approaching the theoretical 
bandwidth limit, different technologies have been studied more intensively, and 
nanostructures seem to be one of the most appealing candidates for new photonic device 
technology, due to their unique electrical, optical and structural properties. 
Semiconductor nanowires are quasi-one dimensional structures, typically 10-300 nm in 
diameter and up to several microns in length. In the literature, if wires have a large aspect 
ratio (length / diameter > 20), they are called “nanowires”; otherwise they are called 
“nanorods”. Since such small structures are below the size limit for defect formation, it is 
possible to grow defect-free products. On the other hand, nanosheets have small aspect 
ratios, with a typical thickness of less than 300 nm. These structures exhibit unique 
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properties that are not seen in any bulk materials. This is because electrons are quantum 
confined, laterally for nanowires and in the thickness direction for nanosheets, and thus 
occupy different energy levels than in 3D bulk materials. In Fig. 1.2, the differences 
among the densities of states for structures of different dimensionality can be seen. 
Nanostructures are generally made of IV, III-V or II-VI semiconductor materials, 
and can either be grown epitaxially on lattice-matched substrates or randomly on 
arbitrary substrates which provide only mechanical support. Both cases bring down cost 
by avoiding the use of expensive lithography techniques.  These structures are stable in 
air, and the contrast of the refractive indices between nanostructures (n~3.5) and air (n~1) 
is much higher than the contrast found in standard waveguides such as GaAs/AlGaAs 
[10]. Nanostructures are therefore good candidates for nanolasers and waveguides, 
because light is 
 
Figure 1.2 Density of states for 3D bulk (blue line), 2D quantum well (red line), 1D 
quantum wire (green) and 0D quantum dot (black) semiconductors 
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well confined in the cavity. Another important feature is that they can be grown using 
wide bandgap materials, which is difficult with planar epitaxial film growth. The growth 
of nanostructures also allows a much greater tolerance to lattice mismatch than planar 
epitaxial film growth. So much so, in fact, that we can grow varying alloy compositions 
across a crystalline or amorphous substrate, even a single structure with over 10% lattice 
mismatch. This freedom to vary composition allows for a number of wavelength 
variations by integrating different semiconductor alloys into a single structure.    This 
cannot be done with epitaxial film growth due to the massive lattice mismatch problems 
that such alloying would introduce. Unlike nanowires, nanosheets offer better electrical 
injection properties because they do not suffer from the high resistivity characteristic of 
nanowires. Nanosheets thus offer the advantages of both 1D and thin film structures. In 
addition to those features, nanostructures such as nanowires and nanosheets are also 
considered Fabry-Pérot cavities, which is very important for laser devices. In order to 
exploit their unique properties, scientists and engineers have integrated them into various 
devices, such as solar cells, lasers, LEDs, field effect transistors, waveguides, biological 
sensors and many others. 
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Chapter 2 
NANOSTRUCTURE (WIRE/BELT/SHEET) GROWTH 
2.1 Synthesis of Nanostructures 
After people realized the unique properties of nanostructures, a number of groups 
started to investigate different growth mechanisms for growing structures with improved 
optical, electrical and crystalline qualities. Although there have been several mechanisms 
developed to grow nanowires, such as vapor-solid (VS), fluid-liquid-solid (FLS) and 
solution-liquid-solid (SLS) and vapor-liquid-solid (VLS), VLS is used most commonly, 
and was the focus of this study as well. For nanobelt and nanosheet growths, both VLS 
and VS mechanisms are needed. Metal nanoclusters can be used as catalysts to initiate 
one-dimensional growth, however there are some cases which do not require pre-
deposited metal because one of the source materials can form metal droplets and self-
catalyze. 
 The catalyst is a very important part of 1-D growth; without it, nanowire growth 
is initiated very slowly, or not at all. Thin film deposition dominates in the absence of 
catalysts. Metal nanoclusters dissolve one of the vapor phase precursors to form a liquid 
alloy. Since the source materials are continuously supplied during the growth, these 
liquid alloys become supersaturated, and at some point nucleation occurs and creates a 
liquid-solid interface. Incoming vapor from the source materials begins to crystallize at 
this initial liquid-solid interface, which leads to the highly anisotropic growth.  As long as 
these growth conditions are kept, the axial growth rate is much higher than the radial 
coating rate, and long nanowires grow.  In some cases it is necessary to alter the growth 
conditions to produce thicker coating layers on the nanowires, or sometimes we need to 
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grow nanobelts or nanosheets instead of wires depending on the type of device and 
desired functionality. This will be studied in later sections.  
Since Si nanowires grown with an Au catalyst are the most extensively studied 
nanowire structures, I will explain the growth process using this classical example. To 
start, liquid Au droplets are used to absorb the source material and initiate the growth of 
nanowires, however the melting points of Au and Si are 1064 oC and 1414 oC 
respectively.  Such high temperatures are not desirable for the semiconductor industry; 
for example, the growth temperature for conventional Si technology is around 550–600 
oC.  However, due to the nature of the Au-Si system, we can make the Au droplets liquid 
by alloying them with the Si source material, which is soluble in the Au clusters. The 
minimum temperature used to make this alloy a liquid is called the eutectic temperature, 
and it is much lower than the melting point of either of the two materials alone.    
 
 
Figure 2.1 Binary phase diagram for Au and Si. 
 
As we can see from the binary phase diagram (Fig. 2.1), when the Au metal 
catalyst is alloyed with Si, alloy nanoclusters form liquid droplets at a temperature which 
is lower than the melting point of either Au or Si. Once the temperature is pushed higher 
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than the eutectic temperature, which is 370 oC in this case, these alloyed droplets remain 
in the liquid state.  As long as we supply source vapor, these droplets will continue to 
accept the incoming vapor. When the nanoclusters become supersaturated with Si, a 
nucleation event occurs which produces a solid-liquid interface (
( ) ( )l sAuSi Si ) and 
subsequent solid growth occurs at this initial interface. In order to grow 1D structures, it 
is necessary to keep the nucleation on this initial interface and the metal nanodroplets in 
the liquid state.  Since different morphological nanostructures can be grown depending 
on the steps taken after this point, as seen in the Fig. 2.2, I want to explain the growth 
sequence shown in the figure. The first four steps are common for any kind of 
nanostructure growths. What happens during these steps is as follows:  
 
Figure 2.2 Sequence of crystal growth with different morphologies. The one on top of the 
last case is the 3D model of the nanosheet growth. 
 
 Alloy particles are formed as a result of the incorporation of precursor material 
into Au film. When the concentration of precursor material in the alloyed particles 
reaches a critical value, the catalyst alloy becomes liquid. As long as we supply 
source material after this melting point, we will continue to supply precursor to 
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the catalyst droplet. After it becomes supersaturated, nucleation occurs between 
the droplet and the substrate.  
 Depending on the degree of supersaturation (related to vapor pressure, flow, 
system pressure, source and growth temperatures), there can be three different 
outcomes as indicated in Fig. 2.2.  
 The first one is nanowire growth via only the VLS mechanism. The 
supersaturation here is low, and therefore products are only grown axially 
underneath the Au catalyst. (e.g. ZnS, CdS) 
 The second case is the growth of tapered nanobelts. This occurs when the 
supersaturation is higher than in the first case.  VLS still occurs, but it is followed 
by the VS mechanism, which grows the structures laterally.  VLS growth is 
dominant over VS, and since the bottom portions of structures stay inside the 
furnace longer than the top portions during the growth, the structures become 
tapered nanobelts (e.g. CdS, CdSe).  
 The third case is the growth of nanosheets. In this case, we first grow nanowires 
or tapered belts, as seen in the first and second cases, respectively, during the 
heating up procedure. As the temperature becomes higher still, we get much 
higher supersaturation which produces secondary wire growth via self-catalysis 
plus VS growth, which fills the gaps between the secondary nanowires to grow 
the structures laterally. (e.g. CdSe) 
Nucleation on different interfaces (Fig. 2.3) such as supply-catalyst (sc), supply-
crystal (sk), supply-substrate (ss) or supply-catalyst-crystal (three phase boundary, TPB) 
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is mainly determined by the Gibbs free energy change between those states. Nucleation 
rate can be calculated using the following formulas:  
 
Figure 2.3 Possible nucleation sites on a given nanowire [11]. 
 
 
Here  is a factor accounting for the frequency of attachment of the molecules at the 
growth interface, is known as the Zeldovich factor and is dependent on the change in 
Gibbs free energy of nucleation (G), the thermal energy (kT), and the number of 
molecules in nucleus, and C is the concentration of the growth species in the supply 
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phase, Ceq is the equilibrium concentration and is the chemical potential, which is also 
called the supersaturation [11]. 
Depending on the growth conditions, we can make the Gibbs free energy change 
(G) minimum occur at different interfaces, and therefore increase the local nucleation 
rate which leads to the growth of 1D, 2D or 3D structures with distinct morphologies. 
The reason we grow nanowires when a catalyst material is used can be explained in the 
same manner, because metal particles minimize the Gibbs free energy between the 
catalyst and crystal interfaces; hence nucleation predominantly occurs there as well. 
Without a catalyst, the Gibbs free energy would be lower at the supply-substrate 
interface, resulting in thin film growth.  
2.2 Nano Heterostructures 
VLS and VS growth mechanisms provide an opportunity to grow heterostructures 
at the individual device level by choosing the appropriate growth routes. This is not 
possible with many other growth techniques, such as solution based liquid-solid growth. 
Furthermore, it is possible to grow axial nanowires in which different alloys 
compositions have almost the same diameter, and radial heterostructures in which there is 
a core-shell or core-multi-shell structure by selectively employing the VLS and VS 
mechanisms. In addition, the ion exchange mechanism is also very promising for growing 
certain types of heterostructures, and different research groups have demonstrated such 
structures without designing new synthetic schemes. Recently, considerable effort has 
been put towards growing axial and radial heterostructures. These types of structures 
were intensively studied and demonstrated using VLS-CVD systems, summarized in 
  14 
table 2.1. In the following paragraphs, I will go into detail explaining how to grow radial 
or axial nanowires. 
    Table 2.1 Semiconductor Nanowire Heterostructures 
 
 
2.2.1 Axial Nanostructures  
 
Axial nanowire growth relies on the reaction of different source materials with the 
same metal catalyst. A very important requirement for axial nanowire growth is that the 
catalyst material should be suitable for growing two different components under similar 
conditions. It is therefore important to pick the most appropriate metal to use as a 
catalyst. According to Duan et al., Au is the most appropriate metal for initiating axial 
nanowire growth. Even so, it has still some drawbacks which will be addressed in later 
sections.  
As a matter of fact, the mechanism for growing axial nanowires is very simple, 
and the sequence can be seen in Fig. 2.6. The growth starts the same as homogenous 
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nanowire growth, and after a period of time it is necessary to switch the source material 
with another one. Due to the switching process, there will most likely be a transitional 
region within the nanowire because the metal catalyst acts as a reservoir [12]. It holds 
some material and supplies it to the crystal until all the previous source has been removed 
from inside the catalyst. This can be problematic for some device applications because 
the bandgap changes gradually. This can be remedied by using a solid catalyst, or by 
using different source materials to supersaturate the metal catalyst. During the entire 
process, VLS growth should dominate; otherwise there will be deposition on the 
nanowire surface instead of producing a distinct second segment on the same nanowire. 
This leads to 2D growth of radial nanowire growth. I will address this kind of nanowire 
growth in the following section.  
Although this process seems simple, there are key requirements that must be met 
in order to grow axial nanowires comprised of distinct compositions. First consider the 
case shown in Fig. 2.4, in which material B is grown on top of material A. There are three 
important interfaces:  Au nanoparticle-material A, material A-material B and Au 
nanoparticle-material B. To grow axial nanowires, the formation of new A-B and Au 
nanoparticle-B interfaces must be thermodynamically favorable. This condition is met 
only when the sum of the interface energies of Au nanoparticle-B and A-B is less than or 
equal to the original interfacial energy of Au nanoparticle-A. If this is not the case, layer-
by-layer axial growth will not be favorable and instead islands of material B will form as 
seen in Fig. 2.4b.  This occurs because the system is trying to keep the thermodynamic 
balance of interfacial energies by alternating the growth direction. This island growth 
mode is known as the Volmer-Weber growth mode. Joye et al attempted to grow GaAs 
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on top of InAs and vice versa. They showed that the latter resulted in island formation, 
while the former resulted in the growth of axial nanowires with InAs at the bottom and 
GaAs on the top (as seen in Fig 2.5). From this experiment they conclude that the Au 
particle-InAs interfacial surface energy is larger than the Au-GaAs interfacial surface 
energy, and this larger energy causes kinking of the wires during growth.   
 
Figure 2.4 Schematic diagram of the two different growth modes of heterostructure 
nanowires: (a) layer-by-layer (axial) growth and (b) island growth [13]. 
 
Figure 2.5 An example of segmented nanowire growth where the first case meets 
the interfacial surface energy balance and results in growing axial wires, whereas the 
second case ends up growing kinked nanowires because of the larger total interfacial 
surface energy [13]. 
 
2.2.2 Radial Nanostructures 
For axial nanowires, different composition can be obtained by introducing 
alternative vapor sources to react with the same metal catalyst. Radial heterostructures, 
on the other hand, can be grown by favoring VS growth after the initial core layer has 
been grown by VLS. This growth system is much more challenging to perfect than the 
system used for axial heterostructures, however it can be made very efficient by picking 
the right system configurations and steps. Though more difficult to grow, radial 
heterostructures offer better optical and electrical properties than single-composition 
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nanowires. In order to grow nanowires that exhibit good optical quality, surface 
passivation is required due to the large surface area and significant number of dangling 
bonds on the surface. If we grow a 10 nm shell layer around the nanowires, it is possible 
to eliminate most of the effects caused by dangling bonds and produce very strong 
emission compared to similar nanowires without a shell layer.  
The illustrated growth process for radial heterostructures can be seen in Fig. 2.7. 
The process starts exactly the same as for axial nanowire growth, and first homogeneous 
nanowires are grown to form the core layer via VLS. After a period of time, the 
temperature is changed and the system conditions make VS growth dominant for the rest 
of growth time. As long as different source vapors are supplied and VLS growth is not 
favored, epitaxial growth on the nanowire surfaces will continue. Many groups have 
studied core-shell and core-multi-shell nanowire structures, and highly-efficient core-
multi-shell nanowire based LEDs have been demonstrated using MOCVD [14]. Some of 
these growths were performed in one step, and some of them were grown in two steps. 
For two-step experiments, they first grow the core layer and completely cooled down the 
furnace before then heating it up again to a different temperature to grow the shell layers. 
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Figure 2.6 – Axial nanowire growth sequence 
 
Figure 2.7 – Radial nanowire growth sequence 
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2.2.3 Growing Axial or Radial Nanostructures through Ion Exchange  
2.2.3.1 Introduction to Ion Exchange 
Synthesis of new nanoscale heterostructures has attracted many due to their 
superior electronic and photonic properties. Such structures are usually grown by altering 
the reactant precursors with time or by changing the growth conditions, as explained in 
the previous paragraphs. For various reasons, it is not always possible to obtain a given 
morphology with all desired materials directly. Such desirable morphologies may be 
obtained through the process of morphology transfer, in which materials amenable to 
growing with the desired morphology are replaced with the desired materials through 
cation and/or anion exchange [15-21]. Through this highly non-equilibrium growth 
process, the desired material/morphology combination can be achieved.  
This not only provides an opportunity to obtain the preferred morphology, but a 
partial transformation of the structures during the ion exchange process can lead to 
different products such as core-shell, hollow or superlattices nanostructures, as seen in 
Fig 2.8.   
 
Figure 2.8 Schematic of various structures transformed by ion exchange processes. 
(modified from [18]).  
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Compound inorganic materials are characterized by a mixture of covalent and 
ionic bonding, though tending more toward the latter. This makes it possible to replace a 
structure’s constituent elements with other elements in ionic form [18]. This process is 
only practical for nanostructures because it is very slow in bulk solids due to the high 
activation energy for diffusion of reactant atoms or ions. The large surface-to-volume 
ratios of nanostructures reduce this kinetic barrier for diffusion and allow for the partial 
or complete chemical transformation of nanostructures without significant alteration of 
the crystal structure.  
Most semiconductors are formed with anions serving as the structural frame and 
cations diffusing easily throughout the crystal lattice due to their smaller ionic size. It is 
known that gaining electrons increases the ionic radius, while losing electrons reduces. 
Since cations are donating electrons, they become smaller than the anions (see table 2.2), 
and therefore the exchange of cations can be achieved through simple mutual diffusion 
even at very low temperatures. However, anion exchange is not induced because it needs 
to overcome a high kinetic barrier. Because of that, most anion exchange processes occur 
in vacuum systems at high temperatures [18].  
Table 2.2 Comparison of atomic and ionic radii of several elements.  
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2.2.3.2 Various Structures Grown via Ion Exchange Process 
I will provide some examples from literature to explain how it is possible to grow 
different materials via the ion exchange mechanism. For thin materials (~60 nm), 
complete replacement occurs without any change in morphology or crystal structure [16], 
although there might be a slight change in size due to the different lattice constants. As 
long as the mean free path of ions (~80 nm) is larger than the thickness of the structures 
under consideration, complete replacement can occur. Wang et al. demonstrated that 
thicker structures (300-500 nm), do not favor free diffusion, and react in a different way 
[20]. In their case, Zn2+ cations diffuse outwards and react with Se2- anions at the surface 
and a shell layer is grown. After the shell becomes thicker than the mean free path of the 
reactive ions, growth stops and they are left with core-shell structures. Ion exchange 
always starts from the surfaces and moves gradually inwards. For structures as wide as 
nanosheets, full replacement can occur in a few steps. Son et al. showed that when the 
reaction zone width is equal to the crystal size, full replacement occurs in a 
straightforward manner; however, if it is larger than the crystal size (thickness is smaller, 
but width is not), several core-shell structures will form over time until, as seen in Fig. 
2.9, it finally becomes a solid structure of uniform composition.  
 
Figure 2.9 Schematic of the transformation processes for structures of different sizes. The 
left image shows complete transformation, while the right-hand side image shows partial 
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transformation which produces a core-shell structure before finally a uniform solid 
structure emerges [16].  
 
Other research shows that the CdS NWs can be converted to CdS-Cu2S core-shell 
NWs through an initial cation exchange process [21]. When the proper growth conditions 
are maintained for 25 min, the core-shell NWs transform completely into pure Cu2S 
NWs. Cu2S NWs exhibit extensive twinning, with the twin planes perpendicular to the 
growth direction of the NW. The formation of these twins is induced by the large strain 
energy caused by the conversion of hexagonal close-packed CdS into fcc Cu2S and the 
large cation radius difference. 
 From an energetic perspective, twin boundaries are likely to be the preferred sites 
for cation exchange. For example, Ag ions diffuse through (111) twin boundary sites and 
form thin Ag2S strips initially. The Cu2S NWs are then converted to Cu2S-Ag2S 
superlattice heterojunction NWs in the second cation exchange process. Continuous Ag 
ion migration outward from the thin strips and Cu ion dissolution into the solution leads 
to the elongation of these Ag2S segments. As shown in Fig. 2.10, partial conversion of 
the structures in time can lead to different structures which cannot be grown just by 
changing the precursor materials or growth conditions as explained in the axial/radial 
nanostructure growth sections.  
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Figure 2.10 Cation exchange processes to form various types of nanowire structures, such 
as core-shell, solid and superlattice. The right-hand side image shows the dark field TEM 
image of the superlattices seen in the fourth image on the left panel [21].  
2.3 The Influence of the Catalyst 
The catalyst material is critically important for nanowire growth, because the 
diameter of the nanowires and some other properties depend on the catalyst droplet. It 
can also cause problems in the material which may affect the way a device works. First of 
all, Au migration can occur and directly affect a nanowire’s size and shape. Some 
nanowires grow long, while others cannot. This is mainly due to Au migration, because it 
is more mobile under elevated temperatures and therefore tends to go most dense regions 
during the growth. As a result, those nanowires cease growing because there is no longer 
a catalyst to act as the driving force for the preferential nucleation. Having a conic shape 
is also an effect this issue can have on nanowires. All these effects can be seen in Fig. 
2.11. In order to eliminate these problems, catalyst droplets can be annealed prior to 
growth. If they are annealed at a temperature at which the catalyst has its highest 
mobility, the problems caused by migration can be eliminated. Further information can be 
obtained from [22]. 
 
Figure 2.11 – The effect of Au migration 
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 Second, gold is a deep level impurity for some materials, such as Si. If gold is 
used as a catalyst, it will create impurity states that encourage defect-based emission 
rather than emission from the band edge. Consider the case of Er-Si nanowires. The 
energy released from defect-based emission is not sufficient to excite Er ions, and 
therefore the emission intensity is weaker than that from the catalyst-free structures (Fig. 
2.13). A South Korean group investigated this issue in detail, and found that the best way 
to solve this problem was to use Pt as a catalyst because the impurity energy level of Pt is 
higher than the conduction band energy of Si. This process is illustrated in Fig. 2.12, and 
further information can be found in [23]. For other material systems, some groups have 
tried to use a new method that does not require metal catalysts to grow nanowires. For 
instance, a team at Hokkaido University used selective-area MOCVD to grow III-V 
heterojunction nanowires.  
Furthermore, the type of material used as a catalyst is very important because the 
solubility of precursors in the droplet varies with the chemical species. For instance, the 
solubility of In in Au is very low, and therefore much less Indium is incorporated into 
InGaN nanowires grown via Au catalyst. In order to eliminate this problem, different 
metal catalysts such as In, Ga, Pt etc. can be substituted in place of the Au.  
Another important aspect is the determination of the growth direction by the 
catalyst material. Chung et al. demonstrated that if Au-Pd is used as a catalyst on top of a 
SiO2/Si substrate, it is possible to grow more directional NW networks than with a pure 
Au catalyst [24].  The high-energy sputtered Au-Pd atoms form a reactive interface with 
any arbitrary substrate, forming nanoclusters which become embedded in the substrate 
and thus provide mechanical stability for vertically aligned nanowire growth Pure Au 
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colloidal nanoclusters cannot be embedded in the substrate, and thus cannot provide 
mechanical support on the substrate as schematized in Fig. 2.14c. TEM images of 
different catalyst materials, SEM images of the samples grown using different catalysts 
and the schematic explanation of these phenomena are shown in Fig. 2.14.  
 
Figure 2.12 – Energy transfer mechanism (a) without and (b) with deep level impurity 
states. [23] 
 
 
 
Figure 2.13 - The difference in the PL spectra of the Er-Si nanowires grown with 
different catalyst materials. [23] 
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Figure 2.14 a-) and b-) TEM images of the samples with Au and Au-Pd catalysts. As seen 
in (a) Au-Pd is embedded into the substrate, whereas Au is sitting on top of it in (b). c-) 
Schematic explanation of the cases for (a) and (b). d-) and e-) Cross-sectional SEM 
images of the NWs grown using Au-Pd and pure Au catalyst material, respectively. [24] 
 
All of this is to say that the catalyst material plays a critical role in growing high-
quality and directional products. Since we want to use these nanostructures for photonic 
applications, problems caused by the catalyst should be carefully taken into account.  
2.4 The Edge Effect 
I have observed a common phenomenon in most growth cases, called the “edge 
effect” [25]. When a substrate is placed parallel to the quartz tube plane during the 
growth, there are always longer products at the edge than in other regions on the same 
substrate. Additionally, the deposition rate in the downstream region of the substrate is 
lower than that in the upstream region. Since the source vapor with a high concentration 
comes to the edge of the substrate first, a nucleation event occurs on the edge and 
nanowires or nanobelts start to grow earlier than on other regions. The remaining source 
vapor that has not been absorbed by the edge can be used to nucleate nanowires on the 
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remaining surface of the substrate. However, when the products get bigger, especially at 
the edge, other regions are blocked by these long structures so that the rest of the 
substrate cannot receive enough source vapor.  
In order to eliminate the edge effect in the two-segment nanostructure growth 
experiments, I tilted the substrate at an angle of 10o to the horizontal. By making this 
adjustment, I can exploit much more of the incident source vapor. Since the height 
difference between the front and back edges of the substrate is more than the overall 
height of the front edge plus the grown products, backside regions can easily absorb the 
source vapor in the same manner. This causes the deposition rate to become very similar 
everywhere on the substrate and produces uniform structures.  In Fig 2.15 the tilting of 
the substrate is illustrated, and the deposition rate differences on the experimental 
substrates with and without tilting can be seen. 
      
Figure 2.15 10o tilted (left) and parallel (right) substrates to the horizontal plane, 
and their final pictures after growth. Substrates are on a quartz plate. The dashed lines 
represent the source vapor. The difference between substrate colors is due to the different 
composition gradients produced by different growth temperatures. The sequence goes 
from CdSe-rich to CdS-rich samples in the real images. 
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Figure 2.16 Cross-sectional SEM image of a two-segment CdS-CdSe sample. Since belts, 
tilted to the right side on the image, are much bigger than other structures, they can easily 
block part of the substrate.  
 
 
This explanation makes intuitive sense, but a more general explanation for this 
phenomenon can be made because it is very common for any type of CVD growth. As 
seen in Figure 2.17, between the wall of the quartz tube and the substrate there is a 
boundary layer which increases with distance from the tube inlet. Reactant molecules can 
diffuse through this boundary layer to reach the substrate surface, however the distance 
vapor molecules need to travel on the front and bottom parts of the substrate is different. 
This changes the amount of material reaching the substrate, and subsequently changes the 
deposition layer thickness. As illustrated in the left panel of Fig. 2.17, some part of the 
substrate may not have any deposition, as in Fig. 2.15. This deposition rate difference can 
be compensated for by tilting the substrate by several degrees, which produces a more 
constant deposition thickness over the entire substrate. Tilting the substrate increases the 
gas velocity due to the flow constriction; the Reynolds number goes up, the boundary 
layer decreases and the deposition rate becomes more uniform. 
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Figure 2.17 Comparison of boundary layers and deposition rates of two different 
substrates.  
 
I want to mention another interesting phenomenon I observed for some of the 
growths which I also call “edge effect”. When using a substrate with patterns on it as a 
template, it is possible to obtain vertically-aligned nanowires because the pores in the 
template are believed to guide the structures.  
However, as seen in Fig. 2.18, most of the products are grown from the edges of 
the pores and the center part has very sparse nanowires; even some small pores do not 
have any nanowire formation in the center. The flow of gas is always forced toward the 
edges, and since there is a barrier there is more available source vapor to grow longer and 
denser structures. This is actually very common in nature. For example, we can always 
find more dust on the corners or edges of the goods we use in daily life. This basically 
holds true for the nanoscale size range as well. 
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Figure 2.18 30o tilted SEM images of the samples grown to get vertically aligned NWs on 
a SiO2/Si template (pores have different sizes and shapes).  
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Chapter 3  
SYNTHESIS AND CHARACTERIZATION METHODS 
3.1 Chemical Vapor Deposition (CVD) Growth System 
In order to synthesize nanostructures, there are many growth techniques which 
require different growth conditions, even for the same kind of structures. Although there 
are many techniques to grow them nowadays, including laser ablation, molecular beam 
epitaxy (MBE), thermal evaporation and MOCVD, we will go into the detail only for the 
CVD technique because the structures in this dissertation were synthesized in this way. 
CVD is a popular chemical process used to grow high-purity and high-
performance solid crystalline materials. Since control of the growth conditions is simple 
with CVD systems, many groups use it to synthesize semiconductor nanowires or thin 
films. The idea behind it is simple, and similar to the thermal evaporation process. In a 
CVD system, a wafer is exposed to volatile source materials that react or decompose on 
the surface of the substrate. Usually precursors are put into the middle of the furnace, 
where the temperature is very high, and substrates are put into the lower temperature 
zone. When heat is applied to the furnace, the source materials evaporate or sublimate 
and a carrier gas from an external source carries the vaporized source towards the 
substrate. When it reaches the substrate, the metal catalyst absorbs the vapor and, once 
the metal catalyst is supersaturated, a nucleation event occurs and nanowire growth takes 
place between the solid-liquid interface.  The basic CVD system used in this study to 
grow nanostructures will be explained and visualized in Chapter 4.   
3.2 Optical Characterization Technique  
3.2.1 Photoluminescence (PL) Spectroscopy  
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Photoluminescence spectroscopy is one of the most fundamental techniques used 
to study the intrinsic and extrinsic optical and electronic properties of direct bandgap 
semiconductors. What makes it very significant is that it is contactless, sensitive and 
nondestructive. It also gives direct information about the recombination and relaxation 
processes in materials. This technique relies on several optical processes: excitation, 
absorption, relaxation and emission. First, under optical excitation with energy larger 
than its bandgap, the material absorbs photons and electron-hole pairs are created. These 
e-h pairs then relax to the lowest energy level available, which is usually at the band 
edge, by recombining. As a result of the recombination process, the material emits other 
photons with energy less than that of the absorbed photons. The energy of the emitted 
photons is determined by the band structure of the material, and is usually equal to the 
bandgap energy of the material for direct-gap semiconductors as used in my experiments. 
Meanwhile, it is important to note that the absorption spectrum of any material is always 
broader than the PL spectrum. The reason for this is that the absorption process can occur 
all over the band, as long as the photon energy is large enough, but emission occurs 
almost entirely at the band edge.  
The recombination processes at work can be divided into radiative and non-
radiative processes. A photon is emitted in the case of radiative recombination, whereas 
non-radiative recombination produces either a phonon or a long-wavelength photon with 
a phonon. Phonon generation is not desirable for any optoelectronic devices because this 
process creates heat and reduces the luminescent efficiency of the device. The relation 
between temperature and integrated luminescence intensity I(T) can be expressed by the 
following equation: 
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in which ET is the activation energy, T is the temperature and α is a radiative rate 
parameter of the material. As seen in the equation, when T increases the overall 
luminescence intensity decreases.  
Radiative recombination is also divided into a few sub-processes: band-to-band, 
conduction band-to-acceptor, donor-to-valence band, donor-to-acceptor and exciton 
recombination. For direct-gap materials, the band-to-band recombination process is 
usually dominant, and this is responsible for the majority of light emission. If impurities 
are introduced into the material, the donor-to-valence band, conduction band-to-acceptor 
and donor-to-acceptor recombination processes also become possible. In addition to 
those, when electron-hole pairs are coupled by Coulombic interaction in the material, 
excitons are formed and can also recombine radiatively. If the thermal energy (kT) at the 
device operating temperature is less than the exciton binding energy, excitonic 
recombination dominates the luminescence spectrum and makes the emission line 
narrow. For II-VI materials, excitonic recombination process usually dominates since the 
typical exciton binding energies of these materials is larger than for IV and III-V 
materials. The luminescent energy released from the material varies depending on the 
recombination process, all of which are listed in table 3.1. 
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Table 3.1 The luminescent energy of a material depending on the recombination process. 
 
  
 
3.3 Structural Characterization Techniques  
3.3.1 Scanning Electron Microscopy (SEM)  
SEM is a type of electron microscope, and a very good tool used for imaging the 
surface of a sample by scanning it with a high-energy electron beam. The electron gun 
emits electrons, and these electrons travel through demagnification stages to scan a 
region on the specimen. When the electrons interact with the atoms of the sample, a 
series of signals containing much information is created. Those signals are secondary 
electrons (SEs), backscattered electrons (BSEs), X-rays (EDS), electron-beam-induced 
current (EBIC) and cathodoluminescence (CL) (See Fig. 3.1). The signals can then be 
used to modulate the monitor intensity and, therefore, build up a two-dimensional map of 
the near-surface topography, composition and possibly its electronic nature. The SEM 
measurements in this work were performed using a field-emission environmental 
scanning electron microscope (XL30 ESEM-FEG) from FEI Company. The XL30 
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ESEM-FEG uses a Schottky field emission gun for outstanding observation performance 
with potentially problematic samples in conventional high-vacuum SEMs. For this 
particular SEM, the spatial resolution is 3 nm and accelerating voltage can be as high as 
30 kV. The XL30 ESEM-FEG also offers high-resolution secondary electron imaging at 
pressures as high as 10 Torr, and sample temperatures as high as 1,000°C. This means 
that wet, oily, dirty, outgassing and non-conductive samples can be examined in their 
natural state without significant sample modification or preparation. For the SEM images 
in this work, 15 kV accelerating voltage and spot size #3 were usually used in secondary 
electron mode.   
 
 
Figure 3.1 Schematic of a scanning electron microscope [27] 
3.3.2 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy is another electron microscopy technique, 
which is widely used to analyze the chemical composition, morphology, growth direction 
and other crystallographic properties of nanostructures. It forms the images by measuring 
the interaction of high energy electrons as they pass through an electron transparent 
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specimen (<100 nm in thickness). It is well-known that the maximum resolution of the 
optical microscopes, d, is limited by the wavelength, λ, of the beam  used to examine the 
sample and the numerical aperture of the system, NA, while the practical resolution of the 
electron microscopes, rmin, is limited by the wavelength, λ, of the beam and the spherical 
aberration, Cs. 
    
 
TEMs are capable of imaging at a significantly higher resolution than optical 
microscopes due to the small de Broglie wavelength of electrons, which can be calculated 
using the following formula: 
, 
in which h is Planck's constant, m0 is the rest mass of an electron and E is the energy of 
the accelerated electron. Because the wavelength of an electron can be made extremely 
small by increasing the accelerating voltage (therefore also increasing the energy), 
sufficiently thin samples can be analyzed in great detail. [28] 
We can divide the microscope into three basic sections: illumination, specimen-
electron beam interaction and imaging, respectively, from the top down inside the column 
(Fig. 3.2a).  The illumination system includes the electron gun and the condenser lenses, 
which generate and direct the electrons toward the sample. Second, specimen-electron 
interaction occurs near the stage area and the objective lens. Below the objective lens, 
there are Objective and Selected Area Diffraction (SAD) apertures, which play a crucial 
role in forming either images or diffraction patterns of the sample (Fig. 3.2b&c). The 
  37 
SAD aperture is also used to determine the imaging mode of the microscope. By 
selecting either the direct or  
 
Figure 3.2 (a) Layout of internal components in a basic TEM system. (From Wikipedia 
http://en.wikipedia.org/wiki/Transmission_electron_microscopy) Two  basic  operation  
modes  of  the  TEM  imaging  system  involve  (b) diffraction mode: projecting the DP 
onto the viewing screen and (c) image mode: projecting  the  image  onto  the  screen. 
[28] 
 
scattered beam, one can form either bright field (BF) or dark field (DF) images.  Finally, 
the imaging system includes intermediate and projector lenses to magnify the image or 
diffraction pattern to be observed with a fluorescent screen or recorded by a CCD 
camera.   
By changing the currents go through the magnetic lenses and putting a smaller C2 
apertures in the same microscope, one can focus on a small spot on the specimen, as 
shown in Fig. 3.3. By focusing the beam, scanning it across the sample and finally 
collecting the incoherently-scattered electrons with an annular dark field detector, one 
can produce a scanning transmission electron microscope (STEM) image. Since those 
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scattered electrons are highly sensitive to the atomic number of the elements in the 
specimen, nice Z-contrast images can be gathered. STEM mode can be used to determine 
the composition across the structures using Energy Dispersive Spectroscopy (EDS).  
 
Figure 3.3 Ray diagrams for TEM and STEM modes.  
 
 
In this work, the nanostructures were analyzed using a JEOL 2010F TEM 
operating at 200 keV. The instrument is equipped with an annular dark field detector and 
a thin-window light-element-sensitive x-ray spectrometer. The microscope can achieve a 
resolution of 0.14 nm when operating in annular dark field STEM mode.  
3.3.3 Atomic Force Microscopy (AFM) 
 
Atomic force microscopy (AFM) is a technique used to obtain height images and 
other information from a wide variety of samples at extremely high (sub-nanometer) 
resolution. AFM works by scanning a very sharp (5-20 nm) probe tip along the sample 
surface, carefully maintaining the force between the probe and surface at a set, low level. 
Usually, the probe is formed by a Si or Si3N4 cantilever with a sharp integrated tip, and 
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the vertical bending (deflection) of the cantilever due to forces acting on the tip is 
detected by a laser focused on the back of the cantilever, which is then reflected by the 
cantilever onto a distant photodetector. A schematic representation of AFM operation can 
be seen in Fig. 3.4. The movement of the laser spot on the photodetector gives a greatly 
exaggerated measurement of the movement of the probe. This set-up is known as an 
optical lever. The probe is moved over the sample by a scanner, typically a piezoelectric 
element, which can make extremely precise movements. The combination of the sharp 
tip, the very sensitive optical lever and the highly precise movements by the scanner, 
combined with the careful control of probe-sample forces, allows the extremely high 
resolution of AFM [29]. 
 
Figure 3.4 Schematic of AFM operation 
A great advantage of AFM compared to, for example, TEM or SEM, is that it is 
simple to operate in almost any environment, such as aqueous solutions, air, vacuum or 
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other gases. Depending on the details of the experiment, height resolution can be 
extremely high, even sub –Angstrom. Lateral resolution, on the other hand, may be on the 
order of 1 nm. Unlike TEM, AFM can form 3D images of the sample instead of just a 2D 
projection.  
In this work, surface characterization of the structures was performed using a 
Bruker Dimension 3000 AFM in tapping mode using a standard pyramidal SiN tip at a 
scan rate of 0.5 Hz. This setup provides a Z-resolution of approximately 0.07 nm. 
 
 
3.3.4 Energy-Dispersive Spectroscopy (EDS, EDX or EDAX) 
Most SEM and TEM microscopes are equipped with an energy-dispersive 
spectrometer (EDS), which detect the elements that make up the sample. EDS can 
determine the energy spectrum of x-ray radiation which is emitted when a primary 
electron interacts with an atom. Although it is a very useful technique, the accuracy is not 
as good as wavelength dispersive spectroscopy (WDS). The reason is that after a primary 
electron interacts with an atom, it emits constant x-ray energy which is used by the 
sensor, however this particular sensor creates a number of e-h pairs described by the 
following equation when x ray GE E  : 
#of e-h pairs ~= 
3
x ray
G
E
E

 [27] 
where x rayE  is the emitted radiation energy from an atom and GE is the bandgap of the 
material used in the detector. A corresponding current is created in the detector relative to 
the number of e-h pairs, and this flowing current determines the elements in the sample. 
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If two elements’ radiation energies are close to each other, EDS cannot distinguish 
because the number of created e-h pairs is too similar. Regardless, this is overall a good 
and easy technique for providing a general idea about the elemental composition of a 
sample. It is also much faster than WDS because the data in EDS is acquired parallel as 
opposed to serial in WDS technique. In this work, EDS analysis was performed either 
using an XL30 ESEM-FEG with 20 kV acceleration voltage using spot size #3 or using a 
JEOL 2010 STEM at 200 kV. 
 
3.3.5 X-ray Diffraction (XRD) 
X-ray diffraction is a versatile and non-destructive technique which provides 
information about the chemical composition and crystallographic structure of materials 
and thin films. In a crystal, atoms exhibit long range order, and form a series of parallel 
planes. These planes are separated from another plane by a distance “d,” which varies 
depending on the nature of the material. In a crystal, there are a number of oriented 
planes, and each group of equivalent planes has its own d-spacing. The quantitative 
application of XRD relies on Bragg’s law, and this is applied to all these planes. When an 
X-ray beam with a wavelength  is focused onto a crystalline material, diffraction occurs 
only when the difference in the distances traveled by two rays, reflected from different 
parallel planes, is n times the wavelength of the incident beam. This principle is 
illustrated in Fig. 3.5.  
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Figure 3.5 Principle of Bragg’s Law (taken from http://hyperphysics.phy-
astr.gsu.edu/hbase/quantum/bragg.html) 
 
 
By utilizing Bragg’s law, we can obtain key information about the material, for 
example the average spacing between layers, the orientation of a single layer, the crystal 
structure of unknown materials and the internal stress of a crystalline region. It is also 
important to note that the shape and full width at half maximum (FWHM) of XRD peaks 
are very important, and provide information about particle or grain size and residual 
strain. For instance, a broad peak in an XRD spectrum may indicate that there is some 
strain, the crystalline quality is not as good as it should be and grain sizes are small.   
 XRD spectra in this work were taken using a PANalytical X’Pert Pro Materials 
Research X-ray Diffractometer. This diffractometer can analyze thin films and powders 
from room temperature up to 900 oC using CuK  radiation (= 1.54178 Å).  
3.4 Nanostructure Manipulation 
In order to make nanostructures more suitable for optical characterization and 
detailed analysis, we utilized several manipulation techniques. Since as-grown samples 
contain a dense collection of nanowires, belts or sheets, optical characterization of a 
single structure is not possible. As the density increases, unwanted additional effects from 
nanostructures near the structure of interest appear in the emission spectrum. In the case 
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of multi-segmented samples, it is very important to disperse structures onto another 
substrate to make them sparse enough to single out structures for analysis. For example, 
the CdS-CdSe growth experiments produced pure CdS and pure CdSe nanowires/belts in 
addition to the desired CdS-CdSe two segment nanowires/belts. For a sample with such a 
high degree of morphological and compositional diversity, it is necessary to have very 
sparse products when doing optical characterization to make it possible to figure out 
where the emission comes from. Since the growth density is very high, and potential 
products include CdS, CdSe, ZnS, CdSSe and ZnCdSSe axial nanowires or segmented 
nanobelts/sheets, it is not otherwise possible to use the PL spectrum to determine the 
origin of peaks in the spectra.  
In addition to having sparse nanostructures, it is sometimes necessary to pick up a 
single structure and move it onto a different substrate to test its lasing characteristics 
accurately, or to create a new cavity by changing its shape. For lasing from a single 
structure, especially a nanosheet/belt with low length-to-width aspect ratio, it must be 
made flat on the receiver substrate. After a simple dispersion, the structures usually do 
not make good contact with the substrate, and this significantly affects the photon 
confinement and lasing properties because the refractive index contrast between the 
structure and air will be different than between the structure and the substrate. Due to 
these aforementioned reasons, I applied several manipulation techniques to make the 
nanostructures more suitable for optical characterization and lasing experiments. Detailed 
discussion of those techniques is presented in the following subsections. 
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3.4.1 Contact Printing 
The contact printing technique has been developed in recent years, and is very 
attractive because it is both a very simple and very powerful assembly technique. The 
detailed contact printing schematic can be found elsewhere, [4] but the essential process 
is as follows. First, the nanowire substrate is bonded to a suitable weight, then flipped 
over the weight and placed on the receiving substrate. The NW donor substrate is on the 
bottom, and the weight on top should provide a suitable pressure. Then the weight and 
donor substrate are slowly slid over the receiver substrate, and the donor wires are 
transferred and aligned on it the receiver substrate. The principle behind it is the shear 
force, which breaks or detaches wires from the original substrate, and the friction 
between the wire and receiver substrate aligns the wires. For better alignment, some 
lubricant can be added during the sliding process. The lubricant can reduce the friction 
between the nanowires so that alignment will be improved and wire stacking will be 
reduced. 
This method is very easy, provides good alignment over a large-area. By 
functionalizing the receiver substrate, the interaction between wire and receiver substrate 
can be increased and the substrate can grab even more wires.  
For these experiments, I did not apply the exact process explained above; in order 
to save time and do the optical characterization quickly for many samples, I just used the 
following recipe; 
1- ) Clean a cover glass using isopropanol, which removes residues and makes 
the glass more suitable for grabbing nanowires. 
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2- ) Place the donor substrate wire-side down on the cover glass, apply some 
pressure and slide the donor substrate on the cover glass using tweezers. 
3- ) Lift the donor substrate. 
After applying these steps, which can be seen in Fig. 3.6, the cover glass will have 
sparse and aligned nanostructures on it, making it suitable for PL characterization of 
single structures. In case the receiver substrate grabs more nanowires than needed, the 
pressure applied with the tweezers should be lowered or the cover glass should be 
allowed to dry for a longer time to evaporate excess isopropanol. Due to the simplicity of 
this technique, many research groups exploit it for building nanowire-based photonic and 
electronic devices and it seems the usage of this technique will increase in the future.  
 
Figure 3.6 Schematic illustration of the contact printing method used for this 
work. 
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3.4.2 Tapered Fiber Manipulator 
Although the contact printing method is a relatively simple and versatile method 
to produce well dispersed nanostructures, the actual location and   orientation of the 
nanostructures of interest are out of control and, therefore, this makes another 
manipulation technique necessary for positioning and location control.  Here we use a 
homemade taper fiber to manipulate a structure directly.   
 
Figure 3.7 Schematic of the homemade tapered fiber (a) layout of SMF 28 single-mode 
fiber (b) Taper fiber by heat and pull method. Fiber is heated by an Alcohol burner.  
 
The probe used for manipulation is made from an SMF 28 single-mode optical 
fiber. Fig. 3.7(a) shows a diagram of this particular fiber. It consists of a core, cladding 
and coating layers with the diameter of 8.2, 125, and m, respectively. The core and 
  47 
cladding layers are critical for the optical properties, while the coating layer is only for 
mechanical protection purposes. This coating layer is usually made from polymer 
materials, and could produce toxic gas if burned. For this reason, and to prevent 
contamination of the tip by melted plastic, the coating layer is partially stripped off using 
a fiber stripper as the first step. The stripped part of the fiber is heated on an alcohol 
burner and pulled manually (see Fig. 3.7(b)). The alcohol burner is specially modified to 
heat only a small part of the fiber. Depending on the pulling speed, tapered fiber probes 
with different tip sizes can be produced, as shown in Fig. 3.8. Generally, a tapered fiber 
probe with finer tip size (left figure) is better for transferring nanostructures between 
substrates, while the tapered fiber probe with a larger, flat tip excels at moving and 
shaping nanostructures along the same substrate. 
 
Figure 3.8 Optical images of the tapered fiber probes with (a) fine tip for the purpose of 
nanostructure transfer (b) flat tip for micro adjusting of nanostructures. [30] 
 
Once the tapered fiber probes are prepared, they are visually located using 3D 
stages for manipulation purposes. Fig. 3.9 shows the setup for a single structure 
manipulation. Two probes installed in two separate 3D stages are positioned within the 
field of view of a dark field optical microscope equipped with a long working distance 
objective. The sample is then loaded in another 3D stage and brought into focus. The 
nanostructure can be lifted up from the substrate by the tip of the tapered fiber probe via 
  48 
Van der Waals interactions between the fiber and the structure. The sample is then 
withdrawn and transferred onto a receiver substrate. The exact position where the 
structure is placed on the receiver substrate can be controlled precisely. The 
nanostructure is laid down slowly onto the receiver substrate, and slides off the probe 
with the aid of the 3D stage. A second probe can be used to make the process easier, if 
needed.  Once the nanostructure is laid onto the substrate, its position and orientation can 
be further adjusted by pushing it with a flat probe. Using a flat tip fiber is more suitable 
for the purpose of moving because it reduces the risk of breakage by the tip.   We used 
this method not only for optical characterization, but also to disperse single structures 
onto TEM grids. This method can also be utilized for other applications, such as creating 
a nanowire ring resonator, single-mode laser or looped multicolor lasers.  
 
 
Figure 3.9 Experimental setup of nanostructure manipulator where the substrate is located 
underneath the microscope objective and associated with two tapered fibers from both the 
left- and right-hand sides. [30]  
 
3.4.3 Wet Dispersion Method  
Sometimes, single structure dispersion cannot be done well due to the structures’ 
geometry and morphological properties. The most significant drawback of this, especially 
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affects our nanosheet structures because of their large surface area.  Once the nanosheets 
are dispersed using contact printing and/or the tapered fiber methods, those structures 
make contact with the substrate with less than 50% of their surface area, as seen in Fig. 
3.10a. That is a big problem for lasing experiments because the refractive indices of air 
and the substrate is different, and this makes the reflection along the surface area vary. If 
the reflection changes along the cavity then we cannot utilize the entire structure’s well-
formed Fabry-Pérot cavity to confine more photons inside, and therefore lasing likely 
cannot be achieved. Even if lasing is achieved, the lasing threshold is significantly higher.    
In order to eliminate the issues associated with the dispersion, I invented a good 
way to disperse the structures and ensure that more than 80% of their surface area 
contacts the substrate. This technique is called the “wet dispersion” method, and the 
dispersion sequences are shown schematically and experimentally in Fig. 3.11 and 12, 
respectively. We utilize the surface tension of the liquid for this technique. Although any 
liquid can be used for this purpose, the chosen material should evaporate quickly to save 
time.  
 
Figure 3.10 Comparison of the dispersed structures w/ and w/o wet dispersion method. 
SEM images were taken with 70o tilting angle.   
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For this reason, we mostly used ethanol for our experiments.  Although the 
density of ethanol (0.789 gr/cm3) is much lower than that of any of our nanostructures 
(e.g., ZnS has a density of 4.09 gr/cm3) they can float over the ethanol because the net 
force on the surface of the liquid is not zero, unlike inside the volume of the liquid. This 
makes the surface energy high. It creates some barrier and floats the denser structures. A 
good example of this phenomenon from daily life is how paper clip placed carefully on 
the surface of a glass of water can be made to floating on the surface.  
To utilize this phenomenon, disperse one drop of ethanol on a receiver substrate 
using a pipette dispenser and then transfer a single structure grabbed by a homemade 
tapered fiber onto this ethanol droplet. Once the structure makes contact with the ethanol, 
it is grabbed very quickly and easily, and starts floating due to the surface tension. As the 
ethanol solution evaporates, the nanostructure starts to spin around, and during the 
floating and spinning it becomes flat. After some time, the ethanol completely evaporates 
from the edges of the structure, while there still remains ethanol underneath it. After a 
short time, the ethanol completely evaporates and the structure makes contact with the 
substrate over more than 80% of its surface area. During the last step of the evaporation, 
the color of the structure turns from black to white, where black indicates no contact with 
the substrate and white indicates contact.  All stages of this procedure can be seen in Fig. 
3.11 and 12. 
The wet dispersion method not only makes the structures’ surfaces flat and 
improve contact with the substrate, but also makes the dispersion process of the 
nanostructures very easy. Making a perfect contact with the substrate is very important 
for lasing demonstration because it removes corrugations of the structure and eliminates 
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internal cavities.  In addition, it makes the structure very stable on the receiver substrate 
and the structure can withstand much higher pumping powers without having any 
movement issues associated with the power of the pumping laser.  
 
Figure 3.11 Schematic illustration of the wet dispersion method with the sequential stages 
where the images show the top and side views of the structure on top of the ethanol and 
substrate at each step. 
 
 
Figure 3.12 Experimental illustration of the wet dispersion method shown schematically 
in Fig. 3.11. The first image shows ethanol on top of the glass substrate and later 
transferring process of nanostructure by taper fiber is seen. The sequential steps along the 
dashed line show the floating structure over the ethanol. As the ethanol evaporates, the 
structure spins around due to surface tension, which makes it flat and, after some time, it 
contacts the substrate with more than 80% of its surface. 
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Chapter 4  
EXPERIMENTAL SETUPS 
4.1 Chemical Vapor Deposition (CVD) Setup 
In our CVD laboratory, there are three horizontal quartz tube furnaces.  
One of them is a Lindberg/Blue M split-hinge one-zone tube furnace, which can be 
operated at a maximum of 1100 oC for short growths and 1000 oC for a longer period of 
time. Another two furnaces (a Lindberg/Blue M and a Sentrotech) are both split-hinge 
three-zone tube furnaces, which give a chance to set all three zones to different 
temperatures (up to 1200 oC and 1500 oC for short growth 1100 oC and 1400 oC for 
continuous growth, respectively) independently from one another.  In this work, the 
Lindberg/Blue M three-zone and one-zone furnaces were used to grow the 
nanostructures. Therefore, I will give detailed information for these particular furnaces 
with a shared/common vacuum system.  
The three-zone and one-zone furnaces are equipped with a 4’ long, 1.5” wide 
horizontal quartz tube in which the reaction occurs.  The heating elements heat up the 
quartz tube from the top and bottom sides, producing a uniform temperature inside the 
tube. This kind of CVD system is called “hot-wall” CVD system. In addition to the hot-
wall CVD system, there is also a cold-wall CVD system in which just the substrate is 
heated. Since this kind of CVD setup was not available in the group’s laboratory, we used 
a hot wall CVD system for all of the semiconductor nanostructure growths.  
There is an inert gas supplied into the reactor via ultra Torr Swagelok reducer 
(1.5” to 1/4”). The inert gas is used to transport the vaporized source to the substrate 
surface.  It is important to note that the amount of flow supplied into the reactor is very 
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important, and therefore some controllers are required to keep the flow rate at an 
appropriate level. If the flow rate is too high, it acts like a blower and either the reactions 
will not occur on the substrate surface or the growth rate will be very fast and produce a 
low-quality product. In order to control inert gas flow, an MKS mass flow controller 
(MFC) was connected to the regulator of the cylinders and the MKS read-out was also 
connected to the MFC. I set the desired flow rate from the read-out and it sends the 
necessary signals to the MFC to change the opening of the relay to supply the desired gas 
flow. Our MKS brand read-out has four channels, which can be used to control four 
different MFC units individually. In our lab, just three channels are in use; those are 
connected to the three different MFC units to control the nitrogen (N2), ammonia (NH3), 
and argon+5% hydrogen (Ar+5%H2) gas flow. N2 and Ar+5%H2 are used as a carrier 
gas, while the NH3 is used as a source material for III-N semiconductor nanostructure 
growth.  
To the right-hand side of the tube, a pump is connected to remove the volatile 
products and keep the pressure stable inside the reactor.  Our vacuum system uses an 
ULVAC GLS series oil-sealed rotary pump. Since the growth occurs under moderate 
pressure, unlike MBE or MOCVD, a rough pump is usually a good choice for the CVD 
system. We can evacuate our CVD system down to 5x10-3 Torr using the ULVAC GLD 
series pump. To control the pressure and keep it stable requires a bit more equipment 
between pump and the quartz tube. We have two manometers to measure pressure inside 
the reactor, and there is a read-out connected to those manometers to read the pressure of 
the system. One of these manometers is sensitive up to 1 Torr, and the other one is 
sensitive up to 1000 Torr. By combining the two, we can measure the pressure very 
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accurately over the range of 5x10-3 to 1000 Torr.   We also have a variable valve which 
changes the pumping speed to produce the desired pressure inside the tube. In order to 
make the pressure stable, the manometer read-out and variable valve controller 
communicate, and the desired pressure can be obtained very precisely. A detailed picture 
of the system and all these tools can be seen in Fig. 4.1.   
It is also important to mention that controlling the temperature of the three zones 
separately gives us unique opportunities because, for some alloy nanowire growths, 
different source materials require distinct temperatures. By using our furnace, we can 
easily set the desired temperatures to grow alloyed nanowires. When we use different 
temperatures for the different source materials, we put ceramic fiber isolation material on 
the boundary of the two zones to restrict the set temperature its respective zone. 
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Figure 4.1 Schematic of our Chemical Vapor Deposition system for growing a 
variety of nanostructures (a) and real picture of the vacuum system (b). 
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Figure 4.2 The types of furnaces we have in our CVD lab. From top to bottom: three-
zone Lindberg/Blue M (1200 oC), three-zone Sentrotech (1500 oC) and one-zone 
Lindberg/Blue M (1100 oC) 
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4.2 Micro-PL (µ-PL) Setup 
In our optical lab, we have four micro-PL (µ-PL) setups designed for measuring 
different wavelength ranges from ultraviolet (UV) to mid-infrared (MIR). These include 
two UV-visible, near-infrared (NIR) and mid-infrared (MIR) µ-PL setups. A schematic of 
one of the UV-visible µ-PL setups is shown in Fig. 4.3, and the other three setups have 
very similar constructions. For the studies in this thesis, I just utilized the UV-visible and 
NIR µ-PL setups. 
 µ-PL setups basically have a few key components and those are as follows;  
(1) Lasers 
In our lab, there are three main laser systems and one small diode laser system. 
The three main lasers, which are used for comprehensive experiments, are a Spectra-
Physics mode-locked Ti:Sapphire pulsed laser system (Tsunami), Spectra-Physics 
Explorer 349 pulsed Nd:YLF and Quanta-Ray INDI pulsed Nd:YAG Laser. The 
Ti:Sapphire and Nd:YAG lasers are equipped with a tripler system to provide second, 
third or fourth harmonic oscillations. The Ti:Sapphire laser system delivers a range of 
wavelengths from 690 nm to 1080 nm, with a range of pulse widths from 60 ps to 50 fs. 
Second (~395 nm) and third (~266 nm) harmonic wavelength sources can be obtained 
utilizing the tripler system. The Nd:YLF laser is equipped to deliver third harmonic 
oscillation at 349 nm, with pulse width of less than 5ns, adjustable pulse energy (120 uJ) 
and reputation rate (single shot to 5 kHz). The Nd:YAG is a Q-switched, nanosecond, 
frequency quadrupled laser, and has built-in second, third and fourth harmonic generators 
to deliver ns laser pulses at 1064, 532, 355, and 266 nm, respectively. Another small 
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laser, which is used for quick optical experiments, is a PDL 800-B PicoQuant picosecond 
pulsed diode laser which delivers 405 nm laser pulses. 
(2) Delivery System 
In order to focus and deliver the laser beam to the sample and collect the PL 
signal from the sample on a spectrometer, many optical components such as mirrors, 
lenses and beam splitters, must be used. However, those each have different reflection, 
absorption and transmission efficiencies, and each individual component acts differently 
for distinct wavelengths. The optical components should therefore be chosen accordingly. 
We chose, for instance, aluminum-coated mirrors for the UV-visible setups and Ag-
coated mirrors for the NIR setup because these coating materials have the most 
appropriate values over the corresponding wavelength regions, respectively. Meanwhile, 
protected Au mirrors are used for the MIR systems because the reflectivity has the 
highest value near the MIR range.  
(3) Spectrometers 
Emitted PL signal from a sample is collected via an objective lens, and this 
collected signal is then collimated and focused into a small slit in the spectrometer to be 
analyzed. In our optical lab, there are three different spectrometers. Two are from the 
TRIAX series, and the other one is from the iHR series spectrometers made by Jobin 
Yvon Inc. All of these spectrometers have an optional triple grating turret to provide 
flexibility in the choice of the gratings for optimum resolution and desired spectral range. 
The three selectable gratings are 600 g/mm, 300 g/mm and 150 g/mm for the MIR and 
NIR setups; 2400 g/mm, 1200 g/mm and 300 g/mm for the UV-visible (TRIAX) setup 
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and 1800 g/mm, 1200 g/mm and 600 g/mm for the other UV-visible (iHR) setup, 
respectively. 
(4) Detectors 
It is necessary to use different kinds of detectors to cover the distinct wavelength 
regions, due to the fact that the different core materials used to build the detectors has a 
different bandgap energy; energy lower than that of the detector’s bandgap energy cannot 
be detected.  In our lab, two liquid nitrogen (LN2)-cooled CCD detectors are equipped for 
UV-Visible setups to cover wavelengths of up to 1.1 m. A LN2-cooled InSb detector is 
used for the NIR setup to cover the region from 700 to 1800 nm and a LN2-cooled 
InGaAs detector is equipped for the MIR system for the 1 tom spectral region. In this 
work, only the CCD detector was used.  
(5) Imaging Systems 
In order to see smaller sizes on the sample, high magnification objective lens 
should be used. Light source goes through this objective lens to illuminate the sample. 
Reflected light sources are collected by the same objective and reflected to the camera 
and/or eyepieces of the microscope. After all of these processes, the information is sent to 
the computer to show the picture of the sample simultaneously. For our UV-Visible 
(TRIMAX) setup, a dark field optical microscope is used. It offers both eyepiece and 
camera options, as seen in Fig. 4.3b.  
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(a) 
 
(b) 
Figure 4.3 Schematic of UV-Visible (µ-PL) setup (a) real picture of the setup (b). 
 
 
 
 
 
  61 
Chapter 5 
SELECTION OF APPROPRIATE MATERIALS and MORPHOLOGIES FOR 
VISIBLE PHOTONIC APPLICATIONS 
A highly desirable photonic device would be one consisting of a wide variety of 
different bandgap materials on a single chip to be utilized for a number of device 
applications. Unfortunately, lattice mismatch causes a big problem for conventional 
epitaxial technology and limits the materials to only those on almost the same vertical 
line of Fig. 5.1. Unique properties of nanotechnology emerge at this point which allow 
the growth of nanostructures with a broad bandgap range, either across a single substrate 
(lattice-matched or not), or along a single structure with over 10% lattice mismatch. 
Nanostructures are able to accommodate this high lattice mismatch without breaking the 
inner epitaxial growth or degrading the crystal quality.   
5.1 Material Selection 
It is known that the operating wavelength of any optoelectronic device depends on 
the fundamental bandgap energy of the semiconductor material of which it is made. As 
seen in Fig. 5.1., bandgap energies are limited to discrete values corresponding to 
naturally existing semiconductor materials and binary compounds. There are a few ways 
to change the bandgap energy of the materials to expand the operating wavelength. One 
of them is changing the temperature. It is well-known that bandgap energy of the 
commonly used semiconductors, although not all are inversely proportional to 
temperature [31]. Another method is size-dependent bandgap change which is explained 
by the quantum confinement effect. This indicates that bandgap energy monotonically 
increases as the size of a structure shrinks below a certain value (~50 nm) [32]. This is 
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the principal behind the use of quantum dot structures of a single material being used to 
emit a variety of colors. The most fundamental one used widely for bandgap engineering, 
however, is the alloying of two different compounds to obtaining bandgap values in-
between by varying the composition. Since our aim is to cover a broad spectral range as 
seen in Fig. 5.1 using a single material system, we used the chalcogenides CdS, CdSe and 
ZnS to create direct bandgap CdSSe ternary and ZnCdSSe quaternary alloys.  
 By definition, chalcogenides are named as such because the compounds consist of 
at least one chalcogen anion and at least one electropositive element. Even though all 
group 16 elements are considered chalcogenides, S, Se and Te are the most commonly 
used. On the other hand, electropositive elements are defined as the elements that act as 
electron donors. This property is mainly attributed to the alkali and transition metals 
because their outer shell electrons are far away from the nucleus and can be easily lost. In 
the periodic table, electropositivity increases as one moves down the groups and 
decreases with the period. Materials used for my research are the examples of metal 
monochalcogenides. They can be expressed generally as ME where M is a transition 
metal and E is S, Se or Te. In this case, Zn and Cd transition metals were used with S and 
Se anions.  
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Figure 5.1 Bandgap energy versus lattice constant of common semiconductor materials, 
with accompanying solar spectrum on the right   
 
 
5.2 Properties of II-VI Materials, Specifically CdS, CdSe, and ZnS 
II-VI materials (especially Zn and Cd chalcogenides) have been intensively 
studied in the field of nanotechnology for decades. It is widely known that the application 
of bulk and thin film II-VI compounds has been limited because of the difficulty 
associated with high-quality crystal growth, difficulty of doping and uncontrollable 
defect formation.   However, with the advantages of nanotechnology here, it is now 
possible to grow high-quality 0D, 1D or 2D crystals with well-controlled doping. 
Nanostructures grown by II-VI compounds are thus very promising for a broad range of 
applications including, but not limited to, optoelectronic devices (LEDs, LDs, solar cells 
and sensors), pyroelectric and piezoelectric devices (PIR sensors, nanogenerators), high 
and low power electronic devices (transistors) and  transparent electrodes (solar cells).  
As already indicated in the previous paragraph, these compounds cover a broad range of 
direct bandgap values, and can be used to fabricate optoelectronic devices that work at 
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various wavelengths. This was the main reason for my choice of these materials for 
research.  
ZnS, CdS and CdSe crystals are usually grown in wurtzite (WZ) form, but it is 
also possible to get them in zincblende (ZB) form. It is known that the WZ forms of II-VI 
materials have better optical properties than the ZB forms. Several II-VI materials, 
particularly ZnS and CdS in this case, have exciton binding energies larger than the 
thermal energy at room temperature (~40 meV and ~28 meV, respectively). This allows 
for the observation of excitonic emission at room temperature [33]. Many II-VI materials 
also possess high carrier mobilities, and are thus known as good photoconductors.  Table 
5.1 summarizes of the important properties of ZnS, CdS, and CdSe binary materials.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  65 
Table 5.1 Properties of ZnS, CdS, and CdSe compound semiconductors [33]. 
 
 
During the growth of these materials in a CVD system, intrinsic point defects 
such as vacancies and interstitials will be unintentionally formed because of the vapor 
pressure differences of group II and group VI elements at certain temperatures. These 
materials are naturally grown as n-type, typically because of anion vacancies or cation 
interstitial-related defect energy levels as seen in Fig. 5.2 [34]. Such materials are suitable 
to create p-n junctions by directly dispersing them onto a p+-Si substrate, or any other p-
type layer, for use as electrically-injected LEDs, LDs, photodetectors and so on.  
  66 
 
Figure 5.2 Intrinsic defect levels of CdS material. “V” and the subscript “I” indicate 
vacancy and interstitial defects in the crystal, respectively. Adopted from [34]. 
 
5.3 Determining the Best Morphology for Photonic Applications 
Although these materials were selected by considering the appropriate bandgap 
values for the desired wide range optoelectronic applications, they have some 
deficiencies from a growth standpoint which will be studied in later chapters. Here I will 
discuss several simulations done to pinpoint the best morphology for the nanostructures 
to support multicolor lasing from a single structure. Since the ultimate aim is to 
demonstrate multicolor and white lasing from a single monolithic nanostructure, the 
growth procedures in the next chapters were therefore designed based on the results 
gathered from these simulations. All simulations and calculations in this work were done 
using COMSOL and MATLAB software.  
In order to achieve our aim, we considered two distinct cavity designs. First, we 
could grow axial nanowires having three segments of different compositions along the 
wave propagation direction to emit three distinct colors of light. The problem is that 
higher energy photons would be absorbed by the narrow bandgap regions, as seen in Fig. 
5.3, and thus the lasing threshold would not be overcome without further processing after 
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the growth (Fig. 5.3b). Although this is a feasible idea for producing the desired 
structures, the requirement for post-growth processing, lack of suitability for mass 
production and lack of potential for eventual electrical injection makes it undesirable for 
the consumer sector. Core-shell nanowires or ribbons are also not adequate for multicolor 
lasing because thin shell layers composed of different materials cannot support lasing, as 
I will demonstrate later.  
The second option is the growth of nanostructures in nanosheet form with a 
parallel side-by-side cavity design in which the wave propagation is perpendicular to the 
growth direction of the segments, as seen in the Fig. 5.3c. This is superior to the other 
designs from both application and versatility points of view; shorter wavelength photons 
would not be absorbed in large enough quantities to significantly hinder the wave 
propagation along the cavities, allowing each to reach its individual lasing threshold.  
This begs one question: how wide should each segment be, so as to not to be affected by 
the adjacent segment(s)?  
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Figure 5.3. Different cavity designs to achieve multicolor lasing a) Axial nanowire cavity 
design in which shorter wavelength photons are absorbed by the adjacent narrow bandgap 
segments b) Manipulation of the axial nanowire in (a) to achieve multicolor lasing c) 
Side-by-side cavity design in which wave propagation occurs parallel to the adjacent 
segments.  
 
 
For the side-by-side waveguide design, we consider a three-segment nanosheet as 
shown in Fig. 5.3c. Assume that the three segments are emitting at 455, 530 and 590 nm, 
corresponding to Zn0.7Cd0.3S0.3Se0.7, Zn0.4Cd0.6S0.15Se0.85, and Zn0.25Cd0.75S0.05Se0.95 
quaternary alloys, respectively. To understand the details of the wave guiding properties 
of the three-segment nanosheet structure, we need first to determine the bandgaps and 
refractive indices of each segment. The relative bandgap alignment between neighboring 
segments determines the absorption of waves propagating in the structure, while the 
refractive index profile impacts the mode confinement within a given segment.  
 
 
Table 5.2 Band structure parameters used in the calculation of absorption and gain 
coefficients 
 
 
Band structure parameters of binary alloys* 
Eg (eV) Δ0 (eV) me /m0 mhh/m0 
h-ZnS  3.77 0.088 0.28 0.49 
h-ZnSe 2.83  0.478  0.21   0.6  
h-CdS 2.49 0.063 0.23 0.7 
h-CdSe 1.76 0.405 0.12 0.45 
 
Band structure parameters of interpolated quaternary alloy 
Eg (eV) Δ0 (eV) me/m0 mhh/m0 
Zn0.7Cd0.3S0.3Se0.7 2.6949 0.3604 0.2011 0.5527 
Zn0.4Cd0.6S0.15Se0.85 2.3101 0.38 0.1701 0.5259 
Zn0.25Cd0.75S0.05Se0.95 2.0573 0.4070 0.1466 0.494 
* All parameters for the binaries are taken from [35], except where other references are given. Those for 
the quaternaries are obtained from linear interpolation as shown in the text. me and mhh are electron and 
heavy hole masses, respectively, while 0  is split-off energy.   
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To determine the band edge lineups of the quaternary alloys across the heterojunct
ions in the three-segment nanosheet, we used the linear combination of atomic orbitals (L
CAO) theory [36] to calculate the valence band energies, Ev, of all the involved binaries: 
ZnS, ZnSe, CdS, and CdSe. Linear interpolations [37-38] were then used to determine the 
band lineup of different quaternary alloy compositions, Ev, Eg (bandgap energy) and Ec (c
onduction band energy), as summarized by   the following equations: 
𝐸𝑣(𝑍𝑛𝑥𝐶𝑑1−𝑥𝑆𝑦𝑆𝑒1−𝑦) = 𝐸𝑣(𝑍𝑛𝑆) ∙ 𝑥𝑦 + 𝐸𝑣(𝐶𝑑𝑆𝑒) ∙ (1 − 𝑥)(1 − 𝑦) 
+𝐸𝑣(𝐶𝑑𝑆) ∙ (1 − 𝑥)𝑦 + 𝐸𝑣(𝑍𝑛𝑆𝑒) ∙ 𝑥(1 − 𝑦)             (1) 
𝐸𝑔(𝑍𝑛𝑥𝐶𝑑1−𝑥𝑆𝑦𝑆𝑒1−𝑦) = 𝐸𝑔(𝑍𝑛𝑆) ∙ 𝑥𝑦 + 𝐸𝑔(𝐶𝑑𝑆𝑒) ∙ (1 − 𝑥)(1 − 𝑦) 
+𝐸𝑔(𝐶𝑑𝑆) ∙ (1 − 𝑥)𝑦 + 𝐸𝑔(𝑍𝑛𝑆𝑒) ∙ 𝑥(1 − 𝑦)           (2) 
𝐸𝑐(𝑍𝑛𝑥𝐶𝑑1−𝑥𝑆𝑦𝑆𝑒1−𝑦) = 𝐸𝑐(𝑍𝑛𝑆) ∙ 𝑥𝑦 + 𝐸𝑐(𝐶𝑑𝑆𝑒) ∙ (1 − 𝑥)(1 − 𝑦) 
+𝐸𝑐(𝐶𝑑𝑆) ∙ (1 − 𝑥)𝑦 + 𝐸𝑐(𝑍𝑛𝑆𝑒) ∙ 𝑥(1 − 𝑦)           (S3) 
Figure 5.4 shows the calculated band lineup of a three-segment nanosheet. The 
band alignment at both interfaces (blue-green and green-red) are type I. The direct 
consequence of band edge alignment across heterointerfaces is the carrier confinement or 
redistribution, since carriers diffuse to locations with the lowest energy. For the blue-
emitting segment, carrier confinement near the interface is poor due to the existence of 
lower bandgap material next to it, the green emitting region. Based on measurements of 
ZnSSe thin film material [39], the estimated carrier diffusion length in the blue emitting 
material is less than 1 μm, indicating that blue emitting segments should be wider than 1 
μm. The green-emitting segment has at least partial carrier confinement at the interface 
due to the larger bandgap of the blue segment, and has the same width concern; it should 
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also be wider than 1 μm. However, carrier diffusion out of the red-emitting region is not a 
problem because carriers are well confined in that region due to the type I alignment 
between the green (wider bandgap) and red (narrower bandgap) emitting segments.  
Based on these considerations, the widths of the segments, especially for blue- and green-
emitting regions, should be larger than the carrier diffusion lengths (~1 μm). 
 
Figure 5.4 Band lineups across the three segments of a heterostructure nanosheet 
For the refractive indices of the quaternary alloys, we also used linear 
interpolation from those of the respective binaries as follows:  
𝑛(𝑍𝑛𝑥𝐶𝑑1−𝑥𝑆𝑦𝑆𝑒1−𝑦) = 𝑛(𝑍𝑛𝑆) ∙ 𝑥𝑦 + 𝑛(𝐶𝑑𝑆𝑒) ∙ (1 − 𝑥)(1 − 𝑦) + 𝑛(𝐶𝑑𝑆) ∙
(1 − 𝑥)𝑦 + 𝑛(𝑍𝑛𝑆𝑒) ∙ 𝑥(1 − 𝑦)                                                                          (4) 
Figure 5.5 shows the profile of the real part of the refractive index along the c-axis 
of a three-segment nanosheet. We see that the blue and red wavelengths (the blue and red 
curves) have the highest refractive indices in their respective emission regions (the left 
and right segments, respectively). Such index profiles favor the confinement of blue and 
red light in their respective segments. The refractive index profile at 530 nm is, however, 
highest in the red-emitting region. It is thus necessary to confirm if, and to what extent, 
green light is confined in the middle segment. To understand wave confinement in 
various cases of index profiles in such structures, I consider the following more general 
cases.  
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Figure 5.5 Refractive index profile at 455 nm, 530 nm and  590 nm wavelengths in the 
three different segments.  
Consider the same structure with fixed widths of the blue- and red-emitting 
regions, and vary the width of green-emitting middle segment from 60 nm to 10 m. To 
make a comparison, I will consider three different index profiles, as seen in the Fig. 5.6, 
where the case II corresponds to the real situation. Case I is typically known as an “anti-
guiding” waveguide because the cladding layers have larger refractive indices. Case III is 
the opposite of case I, and is simply a standard waveguide. For laser cavities the most 
important quantity is the “gain confinement factor,” which describes how a mode is 
amplified by the optical gain in the gain medium of a waveguide. The confinement factor 
(CF) in the core (middle segment) of the waveguide can be calculated using the 
expression: 
Γ𝑚 =
2𝜀0𝑐𝑛𝑏 ∬ 𝑑𝑥𝑑𝑦|𝑬|
2 
∬ 𝑑𝑥𝑑𝑦[𝑬×𝑯∗+𝑬∗×𝑯]
  (5)  
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Figure 5.6 Refractive index profiles and the confinement factors.  a, Refractive index 
profiles across the three segments in a heterostructure nanosheet of the three cases 
considered, where values of the indices labeled above the profile. n=1 corresponds to the 
surrounding air. b, c, Corresponding confinement factors for the middle segment of the 
three cases plotted against the width of the middle segment on a linear scale (b) and log-
scale (c). 
Figure 5.6b & c shows the calculated CF versus the width of the green-emitting segment 
for the three different index profiles seen in Fig. 5.6a. The results for case III show that 
the CF approaches unity when the core layer is very wide, and decreases to a still quite 
high value of 0.8 even when it is narrowed to half a micron wide. Case I is the opposite 
case of case II, yet the CF approaches unity when the core layer is quite wide (~10 um). 
Case II, on the other hand, is similar to case III, but shows somewhat better confinement 
when the width of the core layer between 1 and 7 um. The CF is near unity when the 
middle segment is sufficiently wide because, in the case of large width in which the 
propagational character dominates over the refractive character, the degree of 
confinement of the modes is then mostly determined by the reflectivities at the two 
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interfaces.  The reflection coefficient depends mainly on the contrast of the refractive 
indices at the interface. Therefore, the modes can still be well confined even in the 
middle segment. From this argument we can conclude that the green-emitting segment 
should be wider than 2 m to have a CF of at least 0.5; however, in general, the wider the 
segment is the better the CF is for laser applications.  
I have shown that the refractive index profile alone would serve as a good wave 
guiding mechanism, but the additional gain/absorption guiding would improve the wave 
confinement of the structure even further. To demonstrate such combined wave guiding 
effects more quantitatively, we performed a two-dimensional simulation in the cross-
sectional plane of an MSHN structure. The imaginary part of the refractive index, k, also 
known as the “extinction coefficient,” is related to the absorption or gain coefficient 
through: 
𝑘 =
𝜆
4𝜋
∙ 𝛼,                                                (6) 
where α is the absorption or gain coefficient and λ is the vacuum wavelength. We assume 
k is negative considering absorption positive when considering gain. Table 5.3 
summarizes the calculated complex refractive indices of the three-segment nanosheet for 
three different wavelengths. The three wavelengths all have optical gain in one of the 
segments, indicated by positive k values, and the two shorter wavelengths are absorbed in 
segments with longer emission wavelengths, indicated by negative k values. 
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Table 5.3 Complex refractive indices  
Wavelength Blue segment Green segment Red segment 
455 nm 2.754+0.01i 2.748-0.086i 2.738-0.096i 
530 nm 2.669 2.705+0.014i 2.726-0.085i 
590 nm 2.620 2.676 2.719+0.02i 
 
Figure 5.7 shows the final simulation results and the mode distribution (a1-a6) 
reveals good confinement of modes of all three wavelengths in their respective segments. 
It is noteworthy that the green modes at 530 nm show a strong optical confinement (Fig. 
5.7a3 & a4) in spite of the larger refractive index in the red-emitting segment. To further 
investigate the influence of index or gain guiding on the lasing threshold, the modal loss 
(material loss times the CF) of the green mode at 530 nm was calculated as a function of 
the width of the green-emitting segment, with the refractive index of the red segment set 
to 2.6, 2.75 and 2.9. From Fig. 5.7b, we can see that the modal loss reaches the maximum 
when the index of the red segment (nr = 2.75) is close to that of the green segment (ng = 
2.71). When the index of the red segment is lower than that of the green segment (nr = 2.6 
< ng), less energy leaks into the absorbing red segment due to the index guiding, and 
therefore the modal loss is lower. When the index of the red segment is higher than that 
of the green segment (nr = 2.9 > ng), the modal loss is also slightly lower than in the case 
where nr=2.75 due to the higher index contrast, which causes higher reflectivity. In all of 
the considered cases, the modal loss decreases dramatically as the width of the green 
segment increases. When the width of the green segment is larger than 2 μm, the 
difference in modal loss among the three cases is not noticeable. This also shows that the 
green segment should be wider than 2 μm to reduce modal loss, which affects the lasing 
threshold of the nanostructures.  
  75 
 
 Figure 5.7 Theoretical analysis of mode profile and modal gain/loss. a0: 
Schematic of the cross-section of a side-by-side MSHN structure (colors represent the 
emission color of each segment). Scale bar, 5 μm. a1, a3, a5: The fundamental modes in 
the blue, green and red emitting segments at 455 nm, 530 nm and 590 nm, respectively. 
a2, a4, a6: The higher-order Ex component  dominated modes Ex
14 , Ex
13  and Ex
12 in the 
blue, green and red emitting segments at 455 nm, 530 nm and 590 nm, respectively, 
where n in Ex
n indicates the number of maxima in Ex. b, modal absorption as a function 
of the width of the green segment in three cases of relative indices. c, d, The calculated 
relationship between segment width and threshold gain of the fundamental Ex
11 modes, 
for the blue- (455 nm) and green-emitting (530 nm) segments, respectively. For 
comparison, the absorption in the neighboring narrow gap segment in each case is also 
shown.  
 
To further investigate the importance of the segment width, we calculated the 
threshold gain of the fundamental mode as the function of segment width for blue 
emission at 455 nm and green emission at 530 nm, as shown in Fig. 5. 7c & d, 
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respectively. Here the threshold gain includes the contribution of propagation loss, due to 
the existence of neighboring narrow gap segments, the facet transmission loss at the end 
of the nanosheet, which is estimated using Fresnel’s equations, the effective refractive 
index difference between the nanosheet and air as well as the influence of modal CF, 
which has been defined in Eq. 5. As is obvious from these figures, the threshold increases 
as the width of the wide-bandgap segments decreases. Therefore, it is critically important 
to grow the blue- and green-emitting segments wide enough to overcome the absorption 
loss in the neighboring narrower-bandgap segment. The plots in Fig. 5.7c & d can be 
divided into two domains, indicated by dashed lines. For segments narrower than 0.8 μm, 
the threshold level is dominated by the absorption loss in the neighboring narrow-gap 
segment and rapidly increases, indicating that such wide-gap segments cannot lase if they 
are too narrow. This shows that long core-shell nanowire or ribbon-like structures are not 
suited for such multicolor lasing, as I briefly mentioned earlier.  As the width increases 
from one to several microns, the absorption in the neighboring narrow-gap segment drops 
exponentially. The main contribution to the threshold gain is then primarily determined 
by the transmission loss at the two end facets of the nanosheet. The required threshold 
gain decreases to several hundred cm-1, compared to >1000 cm-1 material gain for a 
typical bulk semiconductor, low enough for lasing at short wavelengths.   
Although it is shown that lasing can be realized when a segment is sufficiently 
wide, we should also pay attention to the geometry of the nanosheets because the 
propagation direction of the waves should be perpendicular to the growth direction of the 
segments to minimize the transmission loss; otherwise lasing cannot be realized from 
such structures. At this point, the growth conditions play a crucial role in determining the 
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growth directions for the preferred morphologies. Fig. 5.8 shows the possible 
morphologies of the segmented structures, but only the third one can properly confine the 
photons inside each cavity to produce multicolor lasing. The others are unlikely to 
support lasing at all, because the lasing threshold is above or near the damage threshold. 
They would require post-growth manipulations to make the cavity better in geometry.  
 
Figure 5.8 Possible morphologies of multi-segmented nanosheet structures. Initial and 
secondary growth directions play an important role in determining the final cavity of the 
structures. Photons in the first and second cases cannot be well confined because of the 
geometry; however, photons in the third case can be well confined and repeatedly 
traverse the length of each segment and reach the lasing threshold.  
 
Although I mostly emphasized the side-by-side cavity structure in this section, I 
will demonstrate growth of a variety of structure morphologies in the next chapters. For 
two-color (green-red) emission, I will first discuss the growth of segmented nanowire 
structures for the idea presented in Fig. 5.3b, and then I will discuss the growth of 
nanosheet structures. I will directly aim to grow segmented nanosheets in the other 
chapter to demonstrate multicolor lasing, including all three primary colors, from a single 
monolithic structure.  
 
 
 
 
 
  78 
Chapter 6 
TWO SEGMENT CdS- and CdSe- RICH NANOWIRES AND BELTS 
6.1 Introduction to Two Segment CdS-CdSe Growths  
In recent years, much interest has been garnered for axial nanowires due to their 
superior properties in comparison to their planar heterostructures counterparts. Since the 
diameter of axial heterostructure nanowires is small, their lattice can be easily expanded 
in the radial direction, which can be used to relieve strain between lattice-mismatched 
materials without creating misfit dislocations. This allows the production of high-quality 
heterointerfaces within axial heterostructure nanowires composed of two different lattice-
mismatched materials. Therefore, axial heterostructure nanowires offer a significant 
advantage over their bulk counterparts. However, there are still some challenges 
associated with growing straight axial nanowires, because the chemical potentials and 
surface energies of materials may be very different. These differences can cause the 
growth conditions and directions to change, and therefore the final structure might not be 
suitable for device applications. The growth of axial nanowires requires very detailed 
research to determine the ideal growth conditions to utilize their advantages while 
minimizing growth issues. 
Recently, II-VI materials have attracted a great deal of interest due to their unique 
properties which can be used in novel optoelectronic devices. Among others, CdS and 
CdSe are especially promising for nanophotonic devices because they are direct bandgap 
materials and their ternary alloy covers a large portion of the visible spectrum. In recent 
years, much research has been conducted on CdS and CdSe nanostructures to exploit 
their unique properties, and so far field effect transistors, nanolasers, photoconductive 
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sensors and many other devices have been created using these materials. One of the 
major papers for CdSSe ternary alloys was published by our group in 2009 [40]. In this 
particular paper, full composition graded nanowires across a single substrate were 
demonstrated using both the temperature gradient method (TGM) and elemental 
composition gradient (ECG).This demonstration paves the way for highly-efficient solar 
cells and full-color displays, because the wavelength range of the materials covers the 
entire visible spectrum except the blue region. Other groups from Hunan and Zhejiang 
Universities demonstrated CdSSe nanowires with a full composition gradient over the 
same wire, rather than on the same substrate [41]. This is also very promising, and can be 
used for many optical devices such as LEDs, lasers, and etc. However, CdS-/CdSe-rich 
axial nanowires with abrupt junctions have not been demonstrated to date. I will discuss 
CdS-and CdSe-rich axial nanowire growth with very short transition regions in this 
chapter.  
We want to grow these kinds of nanowires because we want to demonstrate white 
light LEDs and lasers by mixing the red, green and blue light emission from different 
segments of a single monolithic structure. If the junction between the different segments 
is not abrupt, the emission spectrum becomes broadened and the white light quality 
decreases. In order to achieve this, our goal was to grow red and green segments as a 
starting point and after that add another segment using a wide-bandgap semiconductor 
material such as ZnS or ZnSe to get blue light emission. Since the first step is very 
important for our final goal, growing CdS-/CdSe-rich in axial nanowire and other 
morphological forms, namely nanobelts and nanosheets, will be discussed in this chapter.  
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Although growing axial nanowires sounds like an easy task, it is indeed not. The 
difficulty is compounded for some materials due to the fact that a lot of additional 
processes are involved in the growth, some of which were briefly explained in Chapter 2. 
First, the interplay between VLS and VS growth should be arranged accordingly because 
it determines the final shape of the structure. This was not as easy as I initially expected it 
would be, due to the different chemical potentials of the CdS and CdSe molecules in 
different temperature zones. Another major problem is the ion exchange between source 
materials (in this case, between S and Se anions). This phenomenon has been observed by 
other groups as well, and reported elsewhere [42]. Ion exchange between CdS-CdSe, 
ZnS-CdS and ZnS-CdSe significantly changes the structure’s morphology and optical 
properties.  
In our case, the ion exchange between CdS and CdSe was the main bottleneck for 
growing straight CdS-/CdSe-rich axial nanowires. Although we initially aimed to grow 
axial nanowires, we later realized that growing segmented nanosheet/belt structures 
provides more functionality in terms of device applications. All kinds of segmented 
structures were grown, as seen in the Fig. 6.4. In the following paragraphs, when I say 
“CdS segments” and “CdSe segments.” I am referring to CdS-rich and CdSe-rich alloy 
compositions, because every segment in the heterostructures is composed of the ternary 
alloy CdSSe. 
 
6.2 Experimental Section 
In order to grow CdS-CdSe two-segment structures, I utilized the source moving 
approach which was first used by Reimers et al. for growing full composition-graded 
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bulk CdSSe in the 1960s [43]. It has also recently been used by Gu et al. to synthesize 
CdSSe composition-graded NWs [41]. The idea of the approach is very simple, but 
versatile. Although the approaches are similar for those experiments, the aim of each one 
is different.  For our case, the approach was applied to grow CdS-CdSe two-segment 
structures with an abrupt junction instead of a long transition region. The system used to 
grow CdS-CdSe products is the same as the generic system shown in Fig. 4.1; however, 
there is an extra quartz tube connected to the main reactor tube for introducing the CdSe 
source while the furnace is running.  
Along with the extra tube, we also have a magnetic rod, step motor and motion 
controller (see Fig. 6.1). The motor is used to introduce the CdSe source and replace the 
CdS source with CdSe in the quartz tube. By changing the speed of the motor with the 
motion controller, I can change the time between source transitions, which determines the 
length of the transition region in the structure. Since we want to grow segmented 
structures with an abrupt junction, or at  least with a very small transition region, the 
motor was used at very high speeds(up to 3 cm/min).  
This setup has a 1.5” wide and 4’ long quartz tube inside the three-zone furnace, 
and the growths occur in this tube. As seen in Fig. 6.1, another quartz tube with the same 
diameter and length is connected to the main reactor tube via ultratorr union. The ends of 
these tubes are connected to the gas cylinder and the vacuum pump, respectively. The 
growth of CdS-CdSe axial nanowires requires multiple steps, which makes the growth 
more complex than the single-composition wire growths, and those will be enumerated 
below. Before explaining all the steps, it is important to mention the set temperatures of 
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each zone. For most of my CdS-CdSe NW experiments, only the third zone of the 
furnace was heated, while the  other two zones were kept at room temperature.  
 
 
 
 
 
Figure 6.1 Schematic illustration of the system used to grow two segment CdS-CdSe 
structures (a) and real picture of the extension used for introducing source material (b). 
 
I also used ceramic fibers between different zones to isolate the heat inside each 
zone. Although those two zones were not intentionally heated, the temperature during the 
Motor Motion Controller 
Step Motor  
Magnet  
Quartz Rod 
Furnace 
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two hour growth can reach up to 550 oC in the second zone and 250 oC in the  first zone, 
due to the heating in the 3rd zone (T3=850 oC). If the ceramic fibers are not used between 
zones, the temperature in the second zone is very close to the set temperature of the third  
zone, so using the ceramic isolation material is crucial for lowering T1 and T3. Here, I 
explain all 12 steps used to grow CdS-CdSe two-segment heterostructures. The basic 
schema for the growth configurations are shown in Fig. 6.2. 
1-) Clean the quartz tubes using ethanol and, after drying, connect them together 
via ultratorr union and put the right one into the furnace while allowing 19 cm of the tube 
to sit outside of the furnace.  
2-) Place the magnetic rod into the extension tube, the tip of which will end in the 
middle of the second zone.  
3-) Place the CdSe source boat into the center of the second zone, next to the 
magnetic rod. 
4-) Place a 12 cm quartz rod for separating the source boats and CdS source boat 
at the right end of the reactor tube and push them together using a rod until the CdS 
source boat reaches the center of the third  zone.  
5-) Put substrates onto the quartz plate (1.5 cm x 3.7 cm) and place this plate 4-6 
cm inside the furnace, depending on the experiment, from the right end. It should be in 
the middle of the tube, and there must be enough space underneath the plate to allow 
shifting of the source materials to the outside of the furnace. 
6-) All of the necessary components for nanostructure growth have now been 
loaded. Before turning on the furnace and pumping it down, the left and right ends should 
be connected to the gas supply and pump, respectively. 
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7-) Turn on the mechanical pump to evacuate the system. When the pressure 
reaches ~200 mTorr, start checking the system leak rate by following the steps below:  
-Close the pump valve. 
-Let the system sit for 10 sec without pumping.  
-Check the new pressure value. 
-If the ratio of pressure difference (new pressure value – 200 mTorr) to the time 
(10 sec) is less than 10, the leakage rate of the system is fine; otherwise, the whole 
vacuum system should be checked.  
8-) If the leak rate is fine, open the pump valve and let the gas flow for a while 
(~30min.) to flush out the O2 molecules inside the tube and set the variable valve to 
obtain the desired pressure in the system.   
9-) After the system reaches the desired pressure, set only the third zone of the 
furnace and turn it on to start the growth.  The temperature setting varies from 750 oC to 
900 oC, depending on the experiment. 
10-) Since the CdS source is in third zone, the heat applied will sublimate the CdS 
material. By letting the system run for a while (30-90min.),  pure CdS structures will 
grow.  
11-) During the pure CdS growthphase , there is almost no CdSe source vapor 
moving towards the substrates because the temperature in the second zone is not enough 
to make it sublimate.  After the CdS part is grown, I use the motor to push the quartz rod 
via magnetic force to relocate the CdSe source. The new position of the CdSe source boat 
is at the center of the third zone, where CdS source boat used to be. Since the source 
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boats are shifted together, the new position of the CdS boat is outside of the furnace, 
where the quartz tube meets with ambient air and the temperature is very low.  
12-) After the growth of the CdSe part, the furnace is turned off for cooling down. 
However, there are different options the can be applied during the coolingdown process 
and those are: 
a- Keeping the CdSe source boat inside the third zone. 
b- Pushing the CdSe source boat outside of the furnace and keeping the 
substrates at their growth positions. 
c- Pushing the CdSe source boat outside of the furnace and sliding the quartz 
tube to the right side, to move substrates out of the furnace. This basically 
equates to quenching the entire system.  
After all of those steps are completed, and enough time has passed for cooling, the 
samples are ready to be removed from the quartz tube and investigated further.  
 
  86 
 
Figure 6.2 Illustration of growth steps for synthesizing two-segment CdS-CdSe 
structures. The sequence flows from the top to the bottom. The topmost configuration is 
for the CdS part growth phase, the next one is for the CdSe part growth and the bottom 
three are for the different cooling-down options.  
 
 
6.3 Characterization Methods 
 
For the two-segment CdS-CdSe samples, we mostly utilized PL measurements to 
examine the samples. Since I grew segmented structures with CdS and CdSe regions, 
they look like one piece under ambient light but actually have two different segments 
composed of distinct materials. PL was heavily employed for these samples because 
SEM, even when operated in BSE mode, cannot distinguish between the different 
segments of similar compositions; it shows the product as a single solid wire or sheet. 
However, due to the fact that the different materials emit different colors of light, we can 
distinguish between the two different segments based on the emission color.  The 
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morphology can also be clearly seen by the dark field optical microscope when the 
structures are pumped.  
All PL measurements in this section were done using the UV-visible setup (see 
Fig. 4.3) under 405 nm laser illumination, although the 355 nm Nd:YAG laser was used 
to demonstrate lasing from individual structures. This will be discussed later in the device 
application section. Most of the PL measurements were done on dispersed nanowires (the 
process used to disperse the NWs was already explained in Chapter 3). In addition to PL 
and dark field optical microscopy, I used an XL-30 SEM in SE mode for some of the 
samples to see the detailed morphology of the nanowires. A 2010F TEM/STEM equipped 
with an EDS detector was used to investigate the nanostructures’ compositions variation 
across their lengths. 
6.4 Results and Discussion 
Although the aim of this study was to grow straight CdS-CdSe axial nanowires, 
we grew structures in different forms, such as nanowires, nanobelts and nanosheets. In 
this section, I will discuss all of these structural types by giving examples from my 
experiments. Before going deeply into this part, it is important to mention that we did a 
number of experiments to grow pure CdS and CdSe structures prior to growing 
segmented products. As a result, we found out that the most appropriate pressure for 
growing single-composition CdS and CdSe was 225 Torr and the ideal N2 flow rate was 
~35 sccm. Since those values worked well for growing solid single-composition CdS and 
CdSe, I used the same conditions for growing segmented nanostructures as well.  Dark 
field optical microscope images show that these grown wires, belts and other structures 
have lengths of up to m and widths  from 100 nm to m. SEM images show that 
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these products were grown via Au catalyst, because there is a gold cap on the tip of the 
nanowires or belts (See Fig. 6.3). The growth mechanism of sheet and belt-like structures 
is different, though, because both VLS and VS mechanisms are involved in the growth. 
These structures, and the conditions of their growth, will be discussed separately later. 
There are many products excited simultaneously by the 405 nm laser spot, producing two 
different emission colors even though there are some products which emit only one single 
color. The different types of structures that have been obtained from our experiments are 
listed in Fig. 6.4. 
 
Figure 6.3 SEM image of a CdS-CdSe two segment sample and close up SEM 
image (inset). 
The types of structures we observed can be listed as follows: 
 CdS NW + CdSe NW (a, b and d in Fig. 6.4) 
 CdS NW + transition region + CdSe NW (e and f in Fig. 6.4) 
 CdS NW + CdSe belt (g in Fig. 6.4) 
 CdS NW + CdSe NW in a kinked structure (c in Fig. 6.4) 
 Tapered CdS belt + CdSe shell layer (m in Fig. 6.4) 
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 CdS belt + CdSe tapered belt and shell layer over CdS belt (j, k  and l in Fig. 
6.4) 
 
 CdS sheet/belt + CdSe shell layer (n and o in Fig. 6.4) 
 CdS NW + CdS tapered belt with CdSe shell layer in a flag-like structure (h 
and i in Fig. 6.4) 
 
 
Figure 6.4 PL images of different morphological structures grown under different 
conditions. 
 
6.4.1 Growing “CdS NW + CdSe NW” Structures  
This type of structure is represented by a, b and d in Fig. 6.4. For some materials, 
growing straight axial nanowires is very difficult because of the necessary interfacial 
surface energy balance, as explained in Chapter 2. For example, if we want to grow CdSe 
after the CdS part is grown, the sum of the nanoparticles-CdSe and CdSe-CdS surface 
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energies should be smaller than the nanoparticles-CdS interfacial energy. If this is not the 
case, the product becomes kinked nanowires and we get structures like c in Fig. 6.4. In 
order to grow this kind of structure, the first thing we have to do is heat to the appropriate 
substrate temperature. This can be adjusted by changing either the set temperature or the 
substrate position. If the temperature is too low for this step, the product is likely to 
become a nanowire; otherwise it tends to be a nanobelt/sheet. After the first step of the 
growth, the source boats are quickly shifted together to form an abrupt junction and the 
CdSe source material, which will be the other part of the nanowire, is moved to the center 
of the third zone (see Fig. 6.2). If we keep the source temperature the same for CdSe, 
there is a chance to get straight axial nanowires; however, if we shift the substrates a little 
bit downstream, to where the temperature is lower, this improves the likelihood of 
obtaining nanowires because the lower temperature reduces the nanoparticles-CdSe and 
CdSe-CdS interfacial energies. This satisfies the requirement for straight axial nanowire 
growth. Experimental conditions for a, b and d in Fig. 6.4 are listed in table 6.1 to give an 
idea of how straight two-segment axial nanowires are grown. If those conditions are met, 
similar structures can be repeatedly obtained. The emission strength from these structures 
is not very strong because the low growth temperature results in poor crystal quality, 
which degrades the emission strength of the nanowires.  
Table 6.1 Growth conditions for “CdS NW + CdSe NW” structures. See Fig. 6.4 
for the reference. Source positions are as indicated in Fig. 6.2. 
 
6.4.2 Growing “CdS NW +transition region +CdSe NW” Structures  
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This type of structure is exemplified by e and f in Fig. 6.4. Growing this kind of 
structure is quite similar to the previous case, however the transition time is increased to 
produce a transition region with a gradually changing composition. Since the transition 
time is longer, both source materials are immersed in the elevated temperature at the 
same time. This means that there are two active source vapors (CdS is supplied at a fixed 
rate, but CdSe is supplied at an increasing rate) coming towards the substrates, and both 
can incorporate into the nanoparticles to make alloys. That is why, after the green-
emitting section is grown, we have a gradually changing emission color in the transition 
region which eventually becomes red. In the previous case, the transition time was kept 
short and, therefore, there was not time for both source materials to incorporate into the 
catalyst droplets at the same time. The growth conditions for this kind of structure are 
indicated in table 6.2, and the structures are repeatable if similar conditions are applied.  
Table 6.2 Growth conditions for “CdS NW + transition region + CdSe NW” 
structures. See Fig. 6.4 for the reference. Source positions are as indicated in Fig. 6.2. 
 
 
6.4.3 Growing “CdS NW + CdSe belt” Structures  
In Fig. 6.4, g is an example for this type of structure. The first part of the 
structure, which is the CdS NW, can be grown by applying similar conditions as used for 
the previous two structure types, but the second step of the growth is different because it 
is a belt-like structure. It is known that if the temperature is high, the likelihood of 
growing belts increases, but how does that happen? In order to grow nanowires, we have 
to get nucleation at the vapor-nanoparticle interface, and the nucleation rate depends on 
  92 
the Gibbs free energy, chemical potential and interfacial energy. However, during the 
growth, nucleation can occur not only at the vapor-nanoparticle interface, but also at the 
vapor-crystal and vapor-crystal-nanoparticle interface, as explained earlier.  If the 
temperature for the second part of the growth favors nucleation at both the vapor-crystal 
and vapor-nanoparticle interfaces, which basically equate to VS and VLS growth 
mechanisms respectively, we can get the belt-like structures. In fact, nucleation at the 
vapor-nanoparticle interface should not necessarily be occurred to grow belt-like 
structure; however, SEM images show that these structures have a gold cap on the tip, 
which indicates nucleation occurred there. Additionally, the shape of the belt usually 
becomes tapered, which is because the bottom part of the belt is exposed to the vapor 
supply for a longer time than the upper part during the growth. Hence the bottom part is 
wider than the top part. The growths in the axial and lateral directions occur primarily via 
the VLS and VS mechanisms, respectively. Similar structures can be also seen in the 
SEM image in Fig. 6.3. The growth conditions for this type of structure are shown in 
table 6.3. 
Table 6.3 Growth conditions for “CdS NW + CdSe belt” structures. See Fig. 6.4 
for the reference. Source positions are as indicated in Fig. 6.2. 
 
6.4.4 Growing “CdS NW + CdSe NW” in a Kinked Structure  
Image c in Fig. 6.4 represents this sort of structure. Since the first part of the 
structure is a CdS nanowire, the growth conditions of the first stage should be similar to 
previous cases. The second part is composed of CdSe nanowires; however, the growth 
direction during the second stage of the growth is changed under specific conditions. 
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According to our experiments, this is usually the case when the source and substrate 
temperatures are decreased together. This can be done by decreasing only the source 
temperature, because the substrate temperature is dependent on the source temperature as 
long as the substrate position is fixed. The mechanism for growing kinked nanowires is 
related to the interfacial energy balance, as mentioned earlier in chapter 2. For this type 
of structure, the sum of the nanoparticles-CdSe and CdSe-CdS interfacial energies is 
larger than the nanoparticles-CdS interfacial energy. As a result, the product becomes 
kinked because the system wants to make the interfacial surface energy difference 
smaller by changing the growth direction of the second segment. The growth conditions 
for this particular structure are shown in table 6.4.  
Table 6.4 Growth conditions for “CdS NW + CdSe NW” in a kinked structure. 
See Fig. 6.4 for the reference. Source positions are as indicated in Fig. 6.2. 
 
6.4.5 Growing “CdS belt + CdSe tapered belt and shell layer over CdS belt” 
Structures  
This kind of structure is represented by j, k and l in Fig. 6.4. The growth 
mechanism for this particular structure is different than the previous types because in this 
case both segments are belts.  Since the first grown part is a CdS belt, the growth 
conditions should be amenable to belt growth. The requirements for belt growth were 
indicated earlier, but as a reminder the growth temperature should be higher than the 
nanowire growth temperature (close to the zone where deposition starts) because the 
nucleation event should occur not only at the vapor-nanoparticle interface, but also the 
vapor-crystal interface. When the temperature is higher, that reduces the Gibbs free 
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energy at vapor-crystal interface and the concentration at this site increases with 
increasing chemical potential. As a result, nucleation occurs both in the axial direction 
and in the radial direction. The second step, which favors CdSe belt growth, should be 
similar. Looking at the image, it is clear that the second segment is more tapered than the 
CdS segment. The reason is that the balance between the VS and VLS mechanisms is 
better than during the first growth part, and the tapered shape is caused by the time 
difference between upper and bottom parts of the CdSe belt under source exposure. The 
first segment of the structure, which is a CdS belt, is also covered by CdSe during the 
second stage of the growth. This can be caused by diffusion of CdSe molecules to the 
CdS part, or the nucleation event can also occur on the CdS surface during the CdSe 
growth and produce a shell layer. If the second stage of the growth is held longer, the 
CdS belt is bound to be replaced by CdSe molecules, which will be explained in the 
following passage. The growth conditions for this kind of structure are shown in table 
6.5. 
Table 6.5 Growth conditions for “CdS belt + CdSe tapered belt and shell layer 
over CdS belt” structures. See Fig. 6.4 for the reference. Source positions are as indicated 
in Fig. 6.2. 
 
6.4.6 Growing “tapered CdS belt + thick CdSe shell layer” Structures  
This type of structure can be seen in m and k in Fig. 6.4. Creating this kind of 
structure is very similar to the “belt + belt” type of structure explained in the previous 
passage. This is somewhat different, because the growth time of the second segment must 
be kept much longer than the others. As a result, there is almost no green emission from 
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the sample. All of the green-emitting part, which is the CdS section, is replaced by CdSe 
molecules (specifically, S is replaced by Se). On the PL image, some structures can be 
seen with a green section inside the big belt, but even for those the frame section is quite 
thick. For the other products, we can tell that the entire CdS region has been replaced. To 
test this statement, another experiment using exactly the same conditions, but with a 
shorter CdSe growth time, was performed and it confirmed our assumption. CdSe can 
easily replace CdS molecules and the products become mostly CdSe in time, as explained 
in section 2.2.3.1&2. After these experiments, the CdSe growth time was significantly 
shortened to eliminate this substitutional process. That is why the growth times for all the 
CdSe sections in the experiments mentioned previously, or in the next passages, were 
kept very short. In Fig. 6.5, the difference between longer and shorter growth times of 
CdSe section can be clearly seen.  In the left image, there is almost no green-emitting 
section for most of the products on the substrate, but in the right one we can see that there 
is a clear CdS belt which has just started to be replaced from one side by CdSe due to the 
short growth time.  
Table 6.6 Growth conditions of samples used to show the substitutional effect. 
See Fig. 6.4 for the reference. Source positions are as indicated in Fig. 6.2. 
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Figure 6.5 Substitution effect on samples grown with different CdSe growth times. (Left 
and right images refer “k m” and “l k” in the table 6.6, respectively.) 
 
As seen in table 6.6, the transition time for sample m is very long, but there is no 
transition region in the structure. I think this is not the case for the belt-like structure 
because it is much bigger than a nanowire and, even if there were a transition region, it 
would be easily covered and replaced by the subsequent CdSe growth. In the nanowire 
case, this long transition time creates a transition region in the structure, as explained 
earlier, however, if there are both CdS and CdSe sources with sufficiently high energy, 
CdSe will always be more active and will replace the first grown part. Therefore, even in 
the nanowire case, the CdSe growth time should be chosen accordingly. If the CdS part is 
very long, the effect is less dramatic, but if it is short then the product can be changed 
completely in a relatively short amount of time. 
 
6.4.7 Growing “CdS sheet + CdSe shell layer” Structures  
As mentioned earlier, the VLS and VS growth mechanisms play a critical role in 
determining the shape of the final structures. If both VLS and VS have the same 
effectiveness, or if VLS is a little bit more effective than VS, then the product becomes a 
tapered belt. If the VS mechanism dominates after the formation of the core during the 
growth, then the product will become a sheet-like structure, as previously explained in 
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Chapter 2.  The growth may start with VLS and create nanowires, but after the 
temperature reaches a high value the VS mechanism (or self-catalyzed VLS and VS 
together) dominates, and nucleation occurs on the surface of the nanowires. Since the 
growth rate is very high due to the plentiful supply of source material in the vapor phase 
at high temperatures, the product becomes a nanosheet. For the second step, nucleation 
continues to occur and replacement starts at the surfaces. In Fig. 6.4, n and o are 
examples of this type of structure, but there is a difference between the two samples. I 
mentioned before that if the growth temperature is high, belt-like structure are favored; 
however, if the temperature is much higher radial growth significantly dominates over 
axial growth and a low aspect ratio nanosheet is produced. If the temperature is increased 
further, the result will be thin film deposition because the nucleation will occur only at 
the vapor-substrate interface and growth will proceed via the VS mechanism. In table 6.7, 
the growth conditions are shown and, as seen in the table, the only difference between the 
two samples’ growth conditions was the source temperature. This shows that our 
assumption about the growth mechanism for this type of structure is correct. 
 
Table 6.7 Growth conditions for “CdS sheet + CdSe shell layer” structure. See 
Fig. 6.4 for the reference. Source positions are as indicated in Fig. 6.2. 
 
6.4.8 Growing “CdS NW + CdS tapered belt with CdSe shell layer in a flag-like 
structure” Structures  
This is a very interesting structure, which we have observed a few times. In Fig. 
6.4, h and i are examples of this kind of structure. Although the growth mechanism is not 
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well understood for this kind of structure, I can make a few comments about it. Consider 
two different possible growth mechanisms for those structures. In the first case, the CdS 
wire section and CdS tapered belt with CdSe shell layer sections are separate at the early 
stage of growth. During the growth process, when CdS and other structures get larger, 
these two separate structures merge with one other and create this very interesting 
structure.  Otherwise, it should not be possible to grow these structures because the first 
stage of the growth favors growing only CdS region and the second stage favors CdSe. In 
this structure, there are three stages: CdS nanowire, CdS belt, and CdSe shell. Since the 
growth conditions changed only once, while switching from CdS growth to CdSe growth, 
the proposed mechanism seems to be the only reasonable one. It is important to note that 
we can grow belt and nanowires using the same material on the same substrate in the 
same experiment, but there is always one dominant structure which depends on the 
growth temperature and other conditions. That is why getting “CdS wire + CdS belt with 
CdSe shell layer” structures is possible, but not common.  As a matter of fact, the growth 
conditions for growing the samples shown in h and i are very similar, and the products 
are also very similar. That repeatability suggests other growth mechanisms; for all the 
other experiments, we have not observed this kind of structure even though the possibility 
of merging two different structures is very high due to the density of products on the 
substrate.  
The second possible growth route would proceed as follows. During the heating-
up procedure, nanowires are initially grown. After the temperature is increased, thus 
increasing the amount of source material in the vapor phase, tapered nanobelt growth is 
initiated from the surface of the nanowire because of unbalanced interfacial surface 
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energy. During the final step, when CdSe is introduced into the system, it starts to deposit 
on the surface of the tapered belt or starts to replace this structure. Although both routes 
make sense, more research and experiments on this type of structure should be conducted 
for deeper understanding. The growth conditions for these two experiments are shown in 
table 6.8. 
Table 6.8 Growth conditions for “CdS NW + CdS tapered belt with CdSe shell 
layer in a flag like structure” structures. See Fig. 6.4 for the reference. Source positions 
are as indicated in Fig. 6.2. 
 
6.4.9 Comparison of Four Sequent Substrates Grown in the same Experiment 
As illustrated before, the growth temperature is the key parameter to getting 
various kinds of two-segment CdS-CdSe nanostructures. The growth temperature change 
can be done either by varying the source temperature or by shifting the position of the 
substrates inside the furnace, as explained earlier. In order to demonstrate the temperature 
dependence on the different substrates, I ran an experiment using four sequent substrates 
with a 3 mm separation between adjacent substrates. The point of putting them in 
sequence is to utilize the temperature gradient in the furnace to set a distinct temperature 
value for each substrate. The temperature difference between the first and last substrates 
is around 100 oC. The growth conditions for this experiment are listed in table 6.8, and 
the growth steps are shown in Fig. 6.2.  In order to observe the differences among the 
substrates in terms of optical quality, and to learn the wavelength separations, we did -
PL measurement using the UV-visible PL setup. Representative PL images were also 
taken to show the type of structures grown on these substrates.  
  100 
 
Figure 6.6 PL images of structures grown on the four sequent substrates.  
 
As seen in Fig. 6.6, the dominance of VLS and VS can apparently be 
distinguished from one another. The substrate temperature from the first substrate to the 
last one decreases at a constant rate of 50 oC/cm. Since the first substrate is in the higher 
temperature region, the product is belt-like, thus showing that the VS mechanism 
dominates in this case. By going towards the lower temperature region, the VLS growth 
mechanism becomes the dominant one. The third image shows that the growth conditions 
in this region favor CdS belt growth, but the CdSe forms nanowires. On the other hand, 
the fourth image shows that the growth conditions in this particular region favor both 
CdS and CdSe nanowire growth. The conditions meet the interfacial surface energy 
balance requirement, and therefore the products become axial two-segment nanowires. 
Figure 6.7 shows the PL characteristics of these samples. The optical quality of the first 
sample is much better than the others, and it emits quite strong light at 546 nm and 662 
nm. The red peak, which corresponds to 662 nm, is stronger than the green peak, despite 
the very short CdSe growth time. When the temperature decreases, CdSe becomes less 
effective and both peaks are redshifted. In addition, PL emission strength decreases by 
going to the lower temperature zone, so there is a tradeoff here; it is possible to grow a 
product with high PL intensity, but it tends to become belt-like. On the other hand, if we 
want to grow straight axial two-segment nanowires, that is also possible, but the PL 
emission is weaker. This is a very general phenomenon observed in all of these 
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experiments. Also, the color of the deposition on the four substrates changes from red to 
yellow as we go from high temperature to low temperature, which shows that the region 
for CdS deposition is much larger than the region for CdSe deposition.  Thus we do not 
observe any red peak for the last sample, as seen in Fig. 6.7. 
 
Figure 6.7 Normalized PL spectra and original PL spectra (inset) taken from the four 
sequent substrates of sample ST-3-21. These substrates were located on the quartz plate, 
as seen in the image. 
 
6.5 Observations from the Two-Segment Growth Experiments  
 
Before growing two-segment CdS-CdSe structures, both pure CdS and CdSe 
nanowires and belts were grown, and the results showed that the growth range for CdS 
nanowires is very wide; we can grow very long (~m) solid CdS nanowires or large 
nanosheet structures (~40 m x 40 m x 0.2 m ) using very different conditions. On the 
other hand, we figured out that this is not the case for pure CdSe growths. The range for 
growing pure CdSe nanowires is very narrow and very hard to catch, so the products 
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usually become nanobelt or nanosheet-like. However, with very detailed analyses, it is 
possible to grow two-segment CdS-CdSe nanowires, as demonstrated earlier. For the 
two-segment growths, a long CdS section can be grown, but when the CdSe source is 
introduced and becomes active Se ions replace the S ions in CdS and reduce the product 
length. In addition, pre-grown CdS nanowires can be changed by CdSe, and will become 
single color alloyed nanowires if the CdSe growth is held longer. This substitution 
process is very effective for belt-like structures as well. As shown before, if we keep the 
CdSe growth time very long the products become single color belts; otherwise, we get 
green-red sections within a core-shell structure. Based on these observations, CdSe 
growth time should be kept very short. Although the CdSe growth time is very short (~5 
min) compared to CdS growth time (~2 hours) for most of the experiments, the emission 
strength from the peak corresponding to the CdSe section is very strong. Although it 
depends on the material quality itself, this also depends on the growth setup. As seen in 
Fig. 6.2, there are three different cooling options after the end of the growth. By applying 
these three, we can get different results in terms of the emission strength. We figured out 
that if option “a” is used, the PL emission becomes very weak. The reason can be 
explained as follows. If there is a CdSe source inside the furnace during the cooling-
down process, some CdSe molecules will attach to the surface of the product. Since these 
molecules do not have enough energy due to the low temperature, they cannot 
incorporate into the crystal. This degrades the optical quality of the product. However, if 
the second option is used, then the emission from these products becomes very strong. 
Option c can also be used to get good emission, but this one also minimizes the time 
spent on the cooling-down process, which can be very valuable for doing many 
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experiments in a limited time, however, I usually used the second option for this research. 
According to our experiments, we also found out that higher growth temperatures favor 
better optical quality, and the emission strength from products are stronger than that of 
lower temperature growths. Even so, there is a tradeoff here. When we increase the 
growth temperature, the products are more likely to become belts, which give strong PL 
emission, and when the growth temperature is decreased products are more likely to 
become nanowires, yet their emission is typically very dim. Since N2 was used as a 
carrier gas, O2 molecules inside the reactor may not have been flushed out completely, 
and this could have created some oxide states in the product. Since belts are much larger 
than wires, these states would not significantly affect the products and the emission 
would be stronger. Maybe this problem can be solved by using Ar+5%H2. The H2 can 
react with the remaining O2, and the water vapor can be pumped out by the vacuum 
pump.   
Another observation is that if the temperature is decreased during the CdSe 
growth, this decreases the chemical potential of the CdSe molecules and the green 
section’s emission gets closer to pure CdS band-edge emission. In this way, products are 
more likely to become straight axial nanowires with increased wavelength separation. 
The maximum wavelength separation achieved in two segment CdS-CdSe samples was 
around 160 nm (520 nm-680 nm), and this was obtained when the growth temperature for 
the CdSe section was decreased. The reason can be explained in this way. If the 
temperature for the CdSe growth is too high, the source in the vapor phase has high 
energy; this not only favors new layer formation, but also favors replacement of the 
preexisting structure to make it alloy through simple interdiffusion. It is also important to 
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mention that if there are both CdS and CdSe sources in the furnace during the CdSe 
growth, it is not possible to get two peaks corresponding to green and red parts of the 
spectrum; however, it is possible to get greenish and yellow colors even if the CdS source 
temperature is low during the CdSe growth. That is why I always pushed the CdS source 
boat downstream of the substrate. Even if the temperature in this region makes it 
evaporate, despite the low probability, evaporation process is not very effective.  More 
importantly, the CdS vapor cannot flow backward to face all substrates. All vaporized 
CdS source, if there is any, is pushed by the flowing gas and flushed out through the 
vacuum pump.   
 
6.6 DEVICE APPLICATIONS 
6.6.1 Demonstration of Dual-Color Lasing from Segmented Nanostructures 
The demonstration of device applications that will be presented in the next 
sections is already published in ref. [44] and [45]. Since we are able to grow a variety of 
multisegment nanostructures with different morphologies, as shown in Fig. 6.4, there are 
two options for demonstrating dual-color lasing. As discussed in Chapter 5, multicolor 
lasing can be directly demonstrated from nanosheet structures (o in Fig. 6.4) because the 
cavities of distinct compositions are grown parallel to each other and the wave in each 
cavity oscillates parallel to the adjacent cavity. Another method is the manipulation of 
axial nanowires to create a looped-end NW so that the higher-bandgap side is able to 
confine distinct wavelengths and achieve lasing. First, I will explain the nanosheet based 
approach for demonstrating dual-color lasing.  
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The sample was first transferred onto a sapphire substrate, using the techniques 
explained in Chapter 3, and loaded into a cryostat for a low-temperature measurement. 
We optically pumped the nanosheet with the third harmonic of a Q-switched Nd:YAG 
laser (355 nm, 10 Hz repetition rate, 9 ns pulse width). The laser was focused into a 120 
m by 60 m elliptical beam at an angle of 60◦ to the sample normal direction. The real-
color image of the single pulse induced lasing at 77 K is shown in Fig. 6.8b. As can be 
clearly seen, the uniform spontaneous emission of Fig. 6.8a is replaced by the green and 
orange bright spots along the end facets, signifying the occurrence of lasing. Due to the 
gain-guiding effect and the refractive index contrast, green and orange emission can be 
well separated and confined in their own cavities, which is schematically shown in Fig. 
6.8c. This is reflected in Fig. 6.8b, where green and red emission from the end facets are 
from the respective segments of CdS-rich and CdSe-rich materials. The interaction 
between the green and orange modes is minimized in this structure. Our side-by-side 
arrangement minimizes undesired absorption and allows the respective lasing thresholds 
of both wavelengths to be reached. Figure 6.8d shows the PL spectra under excitation of 
a single pulse with increasing pumping power density. At lower pumping levels, only 
broadband spontaneous emission from the CdS-rich and CdSe-rich sections is observed. 
With increasing pump pulse power, a narrow peak appears at 592 nm at an excitation 
level of 173 kW cm−2, indicating the onset of lasing for the orange color in the CdSe-rich 
section. The same is observed for green color lasing at 534 nm in the CdS-rich section 
when the excitation level reaches 241 kW cm−2. The 58 nm separation between the two 
lasing peaks is much larger than the gain bandwidth of a typical Zn-Cd-S-Se 
semiconductor material system, including CdS and CdSe [46-52]. The narrowest 
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linewidths of the two peaks in Fig. 6.8d are ~4 nm, which are significantly broader than 
the typical linewidth of a single-mode semiconductor laser. Detailed examination proves 
that the broad linewidths under higher excitation intensity is due to well-known 
multimode lasing behavior [53-58] and spectrometer resolution limitation (at 0.1 nm). To 
confirm this, we performed high-resolution measurements for the orange lasing peak and 
compared with the low resolution measurement (shown in Fig. 6.9) to examine the 
detailed mode features. The high-resolution measurement reveals that the apparently 
wide peak in the low resolution measurement actually consists of multiple peaks, with 
individual linewidths as narrow as 0.1-0.3 nm. 
 
Figure 6.8 Real-color PL image of a nanosheet under low pumping power density 
at room temperature (A) and under 409 kW cm−2 at 77 K (B). The dashed lines in (B) 
denote the side edges of the nanosheet. The scale bars in (A) and (B) are 10 μm. (C) 
Schematic diagram of the nanosheet waveguide structures. (D) PL spectra at 77 K under 
increasing levels of pumping power density of 77, 173, 241, 338 and 668 kW cm−2 from 
bottom to top. 
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Figure 6.9 High-resolution (black solid) and low-resolution (blue dash) spectra for 
the orange lasing peak pumped at 424 kW cm−2. The green, red and blue vertical lines 
represent the wavelengths of TE10,TE20 and TE30 transverse modes. Each transverse 
mode has four associated longitudinal modes. The intensity of the vertical lines of each 
group was calculated by Gaussian convolution. 
 
The integrated light intensity is plotted as a function of pumping power density on 
both log-log (Fig. 6.10a) and linear scales (Fig. 6.10b) to corroborate the spectral features 
and further establish the lasing behavior at two distinct wavelengths. Shown in Fig. 
6.10b, the lasing intensity of both colors increases linearly with pump power above the 
threshold (260 kW cm−2 for the green modes and 230 kW cm−2 for the orange modes). 
The total spontaneous emission output increases much more slowly than the lasing modes 
in the high excitation regime, demonstrating the typical behavior associated with density 
clamping (or slowly increasing) near the lasing threshold. The log-log scale of the lasing 
output as a function of the excitation power features the well-known S-like behavior with 
three regions of significantly different slope, as indicated by various straight lines that 
were used to extract the slopes. At low pumping the spontaneous emission is dominant, 
so the mode intensities increase approximately linearly, with a slope of 1.1 for orange and 
1.3 for green. Around the thresholds, the output intensities of both lasing modes show 
superlinear increases, with slopes of 5.1 for orange and 4.7 for green. With further 
increase of the excitation power, the slopes of both curves return to 1.1, indicating the 
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above-threshold lasing operation of both colors. The dependence of total intensity on 
pumping displays the threshold behavior characteristic of multimode lasing, which is 
somewhat more complicated than that of a single-mode laser. To examine the lasing 
threshold behavior, including the multiple transverse and longitudinal modes, 
experimental data of total light intensity as a function of total pump intensity (shown in 
Fig. 6.10c) was fitted by the multimode lasing model proposed by Casperson [58]. 
 
Figure 6.10 (A) Output intensities of the two lasing colors versus pumping power 
density at 77 K in double-log scale. The three straight lines indicate the slopes of three 
distinct regimes of emission. (B) Same as in (A), but on the linear scale, where we also 
show the spontaneous emission (blue color with triangles) with a strong saturation when 
pumped above the threshold. (C) Same as in (A), but shows the fitting with the multi-
mode laser model, as explained in the text.  
 
Room temperature (RT) lasing has also been achieved on a larger nanosheet (66.5 
m in length 33.0 m in width and 200 nm in thickness). As shown in Fig. 6.11a, the 
widths of the green and the wider orange stripes are around 30 and 3 m, respectively. 
The real-color lasing image and PL spectra evolution are shown in Fig. 6.11b & c, 
respectively. The lasing wavelengths of the orange and green peaks are 613 and 562 nm, 
respectively, with a wavelength separation of 51 nm. The estimated threshold is 300 kW 
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cm −2 for the green modes and 227 kW cm−2 for the orange modes. The lasing sequence 
for the two colors at RT is consistent with the result at 77 K, with both exhibiting higher 
thresholds for the green modes than for the orange modes. As in Fig. 6.8, the main peaks 
shown in Fig. 6.11b broaden as pumping power is increased due to the excitation of an 
increasing number of modes, as discussed in connection with Fig. 6.9. 
 
 
Figure 6.11 Real-color PL image of a nanosheet at RT under low pumping power 
density (A) and under 667 kW cm−2 (B). The scale bars in (A) and (B) are 25 m. (C) PL 
spectra at RT under increasing levels of pumping power density of 114, 184, 257, 310 
and 546 kWcm−2 from bottom to top, respectively. 
 
By altering the growth conditions, we are able to get any morphology with any 
wavelength values within the range of the CdSSe ternary alloy. Figure 6.12 demonstrates 
the two-color lasing results of different nanosheets grown using different conditions than 
the previous ones. The lasing wavelengths are 526 nm and 623 nm, respectively, with a 
separation of 97 nm. The shorter-wavelength peak shifted more into the green region 
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because the position of the CdSe source during the first stage of the growth was moved 
further upstream, where temperature was lower than in the previous cases. As a result, the 
first grown segment was nearly pure CdS. The nanosheet in Fig. 6.12a is 23.5 m long by 
5.2 m wide by 200 nm thick, much smaller the nanosheets demonstrated before. As a 
result, less significant multimode-related narrow peaks are seen in Fig. 6.12c, while the 
other features are similar to the previous ones. 
 
 
Figure 6.12 Real-color PL image of a nanosheet at RT by changing the growth method 
under low pumping power density (A) and under high pumping power density (B). The 
scale bars in (A) and (B) are 1 0m. (C) PL spectra at RT under increasing levels of 
pumping power density of 196, 243 and 306 kW cm−2 from bottom to top, respectively. 
As mentioned earlier, multicolor lasing can also be demonstrated using a looped-
end NW structure.  The structure used to achieve lasing in this manner can be represented 
by f in Fig. 6.4. Although this technique requires post-growth manipulation, which makes 
it unfavorable for mass production, and utilizes a looped structure which is not suitable 
for electrical injection and device integration, it could find use in specialized applications.  
Because the wide-gap (CdS-rich) segment is transparent to the red light emitted 
the CdSe-rich part, the red color can easily reach the threshold and start lasing. However, 
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the shorter wavelength emission from the CdS-rich section will   experience a strong 
absorption in the narrower-gap (CdSe-rich) section, thus making green lasing nearly 
impossible. One convenient way to achieve simultaneous multicolor lasing, as explained 
in Chapter 5, is to create distinct cavities in a single nanowire structure by looping the 
wide-gap section to form a relatively isolated ring cavity for the green light, as illustrated 
by Fig. 5.3b. It has been demonstrated that the junction coupling efficiency of such a ring 
cavity is very high [59-61], providing strong feedback for the green emission and 
reducing the strong absorption in the straight (CdSe-rich) part. As a result, the green 
mode can oscillate in the ring cavity with sufficiently high gain and low loss to achieve 
lasing. At the same time, the red emission from the CdSe-rich section can still propagate 
through the entire nanowire, with the cavity defined by the two end-facets.  By using two 
laser beams for pumping the different regions of the nanowire with variable powers, we 
are able to tune the emission color between the two fundamental lasing colors.  
As a result, the overall laser output from the looped nanowire would continuously 
change color from green to red, corresponding to the change in the relative mixture of the 
two fundamental colors. 
Figure 6.13 shows the results gathered from straight and looped nanowires. In the 
case of straight NWs, high energy photons were absorbed by the narrow-gap (CdSe-rich) 
region and, therefore, even under very high pumping power we only achieved red lasing. 
In the case of the looped NW, however, we achieved both red and green lasing, and we 
can clearly see the transition from spontaneous emission to stimulated emission for both 
colors in Fig. 6.13g. We can also see the red and yellowish laser emission from the two 
ends of the looped NW in the inset of Fig. 6.13e. The reason one color appears yellowish 
  112 
is because red light can propagate along the entire wire, and therefore we see the mixture 
of red and green emitted from the looped side.  
 
 
Figure 6.13 Optical characterization of a straight and looped CdSSe alloy nanowires. (A) 
Dark-field image of the nanowire. (B) The real-color PL image of the nanowire. Scale 
bars in A and B are 30 m. (C) Emission spectra under a single excitation pulse with 
increasing peak power density. (D) The integrated intensity of the lasing peak at 637 nm 
versus the excitation power density. (E) Dark-field image of the looped nanowire under 
white light illumination. The scale bar is 30 m. Inset (white frame): Real color image 
under more intense pumping showing dual-color lasing. The image area corresponds to 
the red dashed box in (E). The scale bar is 15 m. The green arrow indicates the junction 
of the loop, corresponding to position a in (E). Since both red and green lasing can emit 
from this point, it appears to be yellow in color. (F) Spectra under single-pulse pumping 
with different peak power densities, showing two sets of lasing peaks around 530 and 637 
nm. (G) Integrated intensities of the green and red lasing peaks versus the pumping 
power density. (H) Spectra obtained using a confocal setup, with the green curve 
measured at point a and the red curve at point b. 
 
 
6.6.2 Potential Device Applications: Electrically Driven Multicolor Light Emitting 
Nanowires and Nanosheets  
 
Using nanostructures such as nanowires and nanosheets to establish p-n 
homojunctions or heterojunctions has led to build a wide variety of the devices including 
lasers, LEDs, photodetectors and solar cells. Since we demonstrated strong multicolor 
  113 
light emission from both axial nanowires and multisegment nanosheets, we have 
proposed electrical injection LEDs and lasers, using our structures by creating a p-n 
junction to inject the carriers from an external power source. By taking advantage of 
these structures, we can inject each segment with a different amount of carriers to change 
the light emission intensity of each color from each corresponding segment, thus enabling 
fully-tunable light emission between red and green. By changing the relative ratio of the 
emitted light by altering the injection currents, we can produce any color on the straight 
dashed line on the CIE 1931color space, which specifies how humans experience light 
within a given spectrum, as seen in Fig. 6.14 B.  
In our proposed devices, nanostructures are dispersed onto a p+ Si substrate to 
create a heterojunction between the p+ Si and the intrinsically n-type nanostructures. 
There are two metallic n-contacts individually to connect each segment, and there is 
another p-contact pad on the p+-Si substrate. A voltage is applied to the p- and n-contacts 
to inject holes from the substrate and electrons at the n-contacts into the structures, 
respectively. The locally-generated carriers recombine radiatively and emit photons 
depending on the bandgap energy of the segment. P-contact for each segment is the 
common one, and we can adjust the applied voltage to the individual n-contacts to change 
the number of carriers injected into each segment. By changing the applied voltage ratio 
between two segments, we can change the number of carriers injected into each segment 
which eventually recombine and emit photons. This in turn changes the light intensity. 
By adjusting the relative ratio between the two emitted colors, we can get any 
intermediate colors between green and red.  
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In terms of, axial nanowires as seen in Fig. 6.14a, the whole body can act as a 
waveguide and from the wide-bandgap side we can detect a number of different colors 
being emitted from the structures. As shown in Fig. 6.14A, when the applied voltage to 
two n-contacts is the same, we can get the red emission intensity as high as that of the 
green emission, and thus see the emitted color as yellow in the far field. In the case of 
multisegment nanosheets, the case is exactly the same as the previous one, but when it is 
pumped harder we have a chance to demonstrate electrically-driven multicolor lasing, as 
seen in Fig. 6.14C, because of the suitable cavity design for the two different 
wavelengths. This is categorically not possible for the nanowire case, because the green 
light will be absorbed by the red emitting layer and thus we can only initiate red lasing. In 
this case, however, we do not need any segmented structures, and it is better to use a solid 
red-emitting nanowire to demonstrate single-color lasing. These proposed device 
applications have not been experimentally demonstrated yet, but our group is still 
working on this and we expect promising results in the near future.  
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Figure 6.14 Schematic diagrams of the color tunable LED and laser devices based on 
segmented CdSSe (A), Nanowire (C) and Nanosheets (D). (B) CIE 1931 color space 
chromaticity diagram. The solid squares correspond to the segmented CdSSe 
nanostructure emission and the dashed-line represents the obtainable colors when the 
relative ratio of the emissions from each segment is adjusted.  
 
 
 
6.6.3 MSHN-based Solar Cells and Detectors 
 
Another important application of the p-n junctions is in devices that absorb light 
and create electricity, or send the information to other devices in communication. Single-
junction solar cells have limited conversion efficiency because of two main loss 
mechanisms. When the incoming photon energy is smaller than the bandgap energy of 
the material, it cannot be converted into photoelectrons and so photons having smaller 
energy than the bandgap will go unabsorbed. On the other hand, when the incoming 
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photon energy is greater than the bandgap energy of the material, they can be absorbed 
but will quickly release the excess energy as heat and degrade device performance. The 
best option would be to have a structure with different bandgap energies to match the 
solar spectrum efficiently, as found in tandem solar cells, although these face issues due 
to the need for lattice-matched materials with the desired bandgap values.  We can grow a 
number of segments in a single structure with favorable and controllable bandgap values, 
as explained earlier in detail. Driven by the aforementioned reasons, we can grow such 
structures to build high-efficiency solar cells and detectors. Although we have not 
demonstrated any device in this manner yet, there are a few papers explaining the 
advantages of using segmented nanostructures in an absorber device, and their results are 
very promising [62, 63].  
6.7 Conclusion 
 I demonstrated the growth and characterization of two-segment CdS-CdSe 
nanowires and belts. Since our final goal is to build multicolor (including white) LEDs 
and LDs using a single monolithic nanostructure which contains three different segments 
with the light emission of red, green and blue, we divided this task into two parts. The 
first part was to create CdS and CdSe segments within a single structure, and the second 
step was to add in wide-bandgap material, such as ZnS, to grow another segment which 
provides blue light emission. Since the bandgap energies of CdS and CdSe are 2.42 eV 
and 1.73 eV, respectively, we are able to get red and green luminescence from those 
materials. However, the growth of these two materials into a single wire or belt was not 
as easy as the technique used for simple axial nanowire growths. This was due to a 
number of unique issues, such as the dominance of VS over VLS and the ion exchange 
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between CdS and CdSe, are involved in the growth procedure. Very detailed research and 
many experiments were required to find the most appropriate means by which to grow 
two-segment nanostructures successfully using these materials.  In this work, I grew 
various nanowires and belts in different forms, and those show spontaneous emission at 
two different wavelengths under 405 nm optical excitation.  The separation of these two 
wavelengths can reach up to 160 nm, depending on the growth conditions. Also, I 
demonstrated that the belt-like structures grown in this study show simultaneous dual-
color lasing when the optical pumping power is high enough. These types of products 
have a great deal of potential to be used for building novel optoelectronic and photonic 
devices. 
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Chapter 7 
GROWTH, CHARACTERIZATION and DEVICE APPLICATIONS OF 
ZnCdSSe-based MONOLITHIC NANOSHEET HETEROSTRUCTURES 
7.1 Introduction  
As repeatedly mentioned in the previous chapters, our ultimate goal is to 
demonstrate trichromatic white light emission from a monolithic single nanostructure and 
eventually to demonstrate the world’s first white light emitting nanolaser composed of a 
single alloy material. This fascinating innovation is expected to have a big impact in 
many disciplines with novel device applications. In this chapter I will first give 
introductory information on white light emission and then explain the handicaps we 
encountered when growing such structures. I will then discuss the methods we explored 
to grow them. Finally, I will talk about the demonstration of multicolor (including white) 
lasers and other possible applications.  
We previously demonstrated dual-color lasing from side-by-side nanosheets and 
looped-end axial NW cavities. Although both are functional, the side-by-side cavity is 
preferable because it does not require any post-growth manipulation to achieve lasing at 
different wavelengths. It is also superior to the looped-end NW design in terms of 
eventual electrical injection compatibility and device integration. The nanosheets can 
support lasing right after the growth and dispersion. Moreover, 2D nanosheets are 
superior to NWs because they take the advantage of both 1D and thin film material 
properties. We can grow different segments of dissimilar laser-quality materials with very 
high lattice mismatch without deteriorating the optical quality of the structures. In 
addition, there are no problems with making electrical contact as there are for thin films. 
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This allows an easy road to demonstrating eventual electrical injection, necessary for 
practical device applications, because of the wide 2D geometry.  
The research community has shown a great deal of interest in multicolor emission 
and lasers from a single monolithic nanostructure [64-73]. Such structures can be used for 
a variety of novel device applications, including full-color displays, solid state lighting, 
spectral and biological detection and visible-color communications [74-80]. Since we 
only achieved emission in two of the three fundamental colors from our previously-
demonstrated structures, we were limited to the straight line for color availability in the 
CIE1931 chromaticity diagram, as shown in Fig. 6.14b and Fig.7.1a. This meant that only 
red, green, orange and yellow colors could be gathered from these because of the lack of 
blue emission.  By adding another segment of different material which emits light in the 
blue spectral band, we can significantly expand the color availability from a straight line 
to a large triangular area. With this large area cover, we could produce almost any color 
perceptible by human vision, including white (see Fig. 7.1b). This would attract a great 
deal of interest in building full-color tunable, including white, LEDs, LDs etc. based on 
monolithic nanostructures.  
Looking at Fig. 7.2, which shows common semiconductor materials with their 
bandgap energy and lattice constant values, we see that prospective direct-bandgap 
materials to obtain blue light emission include ZnS, ZnSe, MgTe, MgSe and MgS. Since 
the latter three materials have not been studied intensively so far, and our group has past 
experience with ZnCdSSe quaternary alloy materials, we considered ZnS and ZnSe as a 
possible material to produce blue light emission. However, as seen in the right panel of 
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Fig. 7.2, the bandgap of ZnSe is just to the right of the blue band’s edge. That means if 
we have interdiffusion between distinct segments in the multisegment nanosheets, which 
is very probable because of the elevated temperature during the growth, ZnSe will be 
alloyed and its bandgap emission will redshift to a greenish emission instead of the 
desired blue. On the other hand, if we use ZnS, we can cover a wide spectral range down 
to NUV, as seen in Fig. 7.2. For these reasons, we decided to use ZnS and CdSe materials 
to get the widest possible spectral coverage.  
In terms of bandgap energy value, ZnS is the best choice, but all materials have 
unique challenges to get the desired morphologies. Unfortunately, due to the low vapor 
pressure, and thus low supersaturation of ZnS [81], as seen in table 7.1, such ZnS-
dominant alloys typically grow into nanowires or nanoribbons with very high length-
width aspect ratios [82-84]. This is why UV and blue emission in this material system has 
so far only been demonstrated in nanowires [85] and nanoribbons [86] with high aspect 
ratios (>20). Such structures are intrinsically incompatible with the low-aspect ratio 
nanosheet morphology of CdS and CdSe required to achieve our ultimate goal.  
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Figure 
7.1 The CIE 1931 Chromaticity diagram shows the obtainable colors along the dashed 
line in (A) from two segment nanostructures and (B) shows significantly enhanced color 
availability when a blue emitting segment is added.  
 
Figure 
7.2 Common Semiconductor Materials with their bandgap energy and lattice constant 
values. ZnS and ZnSe are prospective candidates to get blue light emission, as seen in the 
AM 1.5G figure.  
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Table 7.1 Comparison of vapor pressure values of some materials. Ga is presented in the 
table because, interestingly, we cannot get any vapor from this material unless we heat up 
to very high temperatures even though it is in liquid form at room temperature. As seen, 
the vapor pressure of ZnS is closer to that of Ga than that of CdSe or CdS, and therefore 
it is also hard to get high supersaturation from this material [81]. 
 
The development of white LEDs has become a very important research area in the 
last two decades, due to their low power consumption, long lifetime, high efficiency and 
small footprint [87-88]. They are expected to take the place of incandescent and 
fluorescent lamps in the near future, with the help of new developments in the area of 
solid-state lighting (SSL). The fact that the 2014 Nobel Prize in Physics was awarded for 
the invention of blue LEDs, which enabled more efficient and brighter white lights, 
proves the importance of this topic.  
There are a few ways to create white light, and those can be based on 
monochromatic emitters or UV-blue monochromatic sources with a combination of 
phosphors [89]. Due to the degradation of the phosphors over time, and the energy 
efficiency losses caused by the Stokes shift [87], the latter choice is not ideal. Even so, 
the majority of commercial white LEDs currently available on the market are based on 
this method.  
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Another approach to obtain white light is the combination of dichromatic (blue + 
yellow, cyan + red), trichromatic (red + green + blue) or quadchromatic (red + green + 
yellow + red) lights together [89]. Even though all these combinations can give white 
light, the color rendering index (CRI). The ability of a light source to replicate natural 
light, differs significantly. In general, white light quality gets better as the number of 
combining colors increases [89]. Since the three colors red (R), green (G), and blue (B) 
are the main colors in human vision, and all colors of light including white can be 
produced by mixing RGB in the proper ratios, it seems natural to construct LEDs based 
on a tri- or quadchromatic emitter. Those give us more functionality, and intermediate 
colors can be obtained by combining any two or more colors, unlike phosphor-converted 
white LEDs. That means white light-emitting devices based on monochromatic emitters 
can be used not only for lighting, but also for multicolor displays, lasers and many other 
applications. Current multichip white LEDs which are based on monochromatic emitters 
use dissimilar materials to achieve white emission. Growing those materials on the same 
substrate, and in a single growth, run is not possible with current epitaxial technology, 
and procedures to achieve this would involve many additional steps which significantly 
increase the labor and fabrication cost of the device [88, 90]. The fundamental reason 
why it is not achievable is because each material has a different lattice constant, and 
when they are used to grow alloy materials in the fashion of layer-by-layer growth, or to 
grow them one over another, many defects and stresses are introduced into the crystal, 
thus causing crystal quality degradation. Light emission efficiency is low, and such 
structures cannot be utilized for a device application. However, nanotechnology 
intervenes here, and much research has been conducted to grow different materials on a 
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given substrate utilizing its unique properties [91-96]. It has been shown in a few papers 
that wide coverage of the visible spectrum, from UV to IR, can be achieved with 
nanostructures grown on a single substrate using a single furnace run [93, 94].  
To overcome the fundamental challenge of obtaining the required materials and 
structures for white light emission from a nanostructure of a preferred morphology, we 
have made systematic efforts in understanding and controlling the interplay of various 
growth mechanisms, including VLS, VS and a novel gas-phase dual-ion exchange 
process. This has led to the successful growth of multi-segment heterostructure 
nanosheets (MSHNs) of ZnCdSSe alloys with appropriate compositions to emit red, 
green and blue light with the desired cavity geometry and aspect ratio. The MSHNs were 
grown by utilizing a highly-coordinated, dynamical positioning of substrates and 
switching of precursors during growth. Rather than attempt to grow a ZnS-rich segment 
next to the CdS- and CdSe-rich segments directly, we optimized the growth sequence and 
conditions such that the CdSe nanosheet growth was followed by a dual-ion exchange 
reaction, a mechanism that has not been previously observed, to finally achieve a ZnS-
rich nanosheet structure. This growth strategy is the key to the realization of MSHNs that 
allow simultaneous RGB emissions.  
In this dissertation, I report the first growth of monolithic semiconductor 
nanosheets emitting red, green and blue light simultaneously, enabled by composition 
engineering of the ZnCdSSe quaternary alloy utilizing our novel growth method done in 
a single furnace run using a simple CVD route. Our method allows the growth of MSHNs 
with up to 6.6% overall lattice mismatch, in which the width and alloy composition of 
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each segment can be controlled by the growth time and substrate positions due to the 
temperature-selected composition deposition, respectively. By altering these variables, 
we are able to produce any color of light with adjustable intensity to achieve white light 
emission with different correlated color temperature (CCT) values. We also report that 
our structures meet the desired characteristics of SSL, which are expressed as monolithic 
and phosphor-free white light-emitting devices built from one material system. Due to the 
various obstacles associated with growing different semiconductor materials on a given 
substrate using traditional planar epitaxial technology, our nanostructures and growth 
method are very promising for various types of device applications, including lighting, 
multicolor displays, detectors, spectrometers and monolithic multicolor (including white) 
lasers.  
7.2 Growth, Characterization and Results 
Monocrystalline ZnCdSSe quaternary alloy MSHNs were grown on a SiO2/Si 
substrate by a combination of VLS, VS and dual-ion exchange growth mechanisms using 
a single zone CVD horizontal tube (1.5” wide, 4’ long) reactor. The overall setup and the 
VLS growth mechanism are described in several earlier papers [44, 91, 93], and shown 
schematically in Fig. 7.5a. CdSe and ZnS powders (Sigma Aldrich 99.99% Metal Basis) 
were used as source materials. Prior to the growth, the SiO2/Si substrate was cleaned and 
then coated with a 10 nm layer of sputtered Au. After placing ZnS (at center, T=980°C), 
CdSe (12 cm upstream from the center, T~840°C), and the substrate (16 cm downstream 
from the center, T~640°C) inside the reactor, as shown in Fig. 7.5a, the system was 
evacuated to a pressure of 30 mTorr. A 10 sccm N2 inert gas flow was then introduced for 
  126 
30 minutes to purge the reactor of O2. The system pressure was then set to 10 Torr with 
backfilled N2 and the furnace was turned on. After completion of the growth, the furnace 
was turned off and allowed to cool down naturally to room temperature while continuing 
the 10 sccm N2 flow.  
We have previously utilized temperature-dependent composition control in the 
growth of alloy semiconductors [86, 92, 93, 97]. The essence of this technique is to 
manipulate the position of the substrate along the axial temperature gradient (Fig. 7.3) in 
the reactor to optimize the substrate temperature for the desired alloy composition. To 
this end, we needed to systematically study the morphology changes with the 
composition and optimize the positions of the substrate inside the furnace favorable for 
the deposition of a desired alloy composition. In this experiment I used the same growth 
conditions as explained earlier; however, a longer quartz substrate, measuring ~1 cm x 
3.5 cm, was placed in the reactor horizontally (Fig. 7.3) to study the large position (and 
temperature) range of the substrate, and to grow full composition-graded structures across 
a single substrate.  
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Figure 
7.3 Growth setup and temperature profile within the 1-zone furnace. Schematic diagram 
of the setup used to grow full composition-graded nanostructures across a single 
substrate, and the temperature profile measured by an external thermocouple along the 
length of the furnace tube. The measured maximum temperature of 980 °C (set value, 
1000 °C) is in the center of the furnace, and the temperatures at both ends of the furnace 
are 450 °C. The green band on the substrate indicates the region used for growing 
segmented nanosheets, with a temperature gradient of ~66 °C/cm. The positions R1, R2 
and R3, indicated by arrows, were determined to be the best-suited for the growth of blue, 
green and red light-emitting materials, respectively. 
As described above, direct growth of the desired morphologies (such as 
segmented nanosheets with low aspect ratios) with the desired compositions is not 
possible, especially for the wide-gap materials. Our strategy was to decouple the 
realization of desired morphology and composition by separately achieving them 
indirectly. More specifically, we obtain the desired nanosheet morphologies using 
materials amenable to growing with the desired morphology. Subsequent growth is done 
to obtain the desired alloy composition through simultaneous cation and anion exchange 
[15-21] without significant modification of the initial morphology. Through this highly 
non-equilibrium exchange process, the desired material composition-morphology 
combination can be achieved. Such an indirect route of achieving the desired 
morphologies and compositions separately can also serve as a more general strategy for 
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other materials. We have systematically studied the morphological evolution of ZnCdSSe 
nanostructures as the alloy composition changes. As seen in Fig. 7.4, a wide spectrum 
range from NUV to NIR was covered as white and black regions on the substrate, 
corresponding to pure ZnS and CdSe, respectively, and all visible colors can be observed 
from the 2 cm region between the dashed lines in Fig. 7.4a. EDS analysis of the sample 
shows that the white region contains mostly Zn and S. As one moves to the right along 
the substrate, the concentrations of Cd and Se increase while those of Zn and S decrease, 
and eventually it becomes CdSe-rich in the dark brown region. The SEM images in Fig. 
7.4d reveal that the ZnS-rich structures have a wire-like morphology, which gradually 
changes to sheet-like as the composition of the quaternary alloy becomes more CdSe rich. 
This correlation of substrate temperature, alloy composition and morphology of grown 
nanostructures has been consistent throughout our research, and with other previous 
studies. Such alloy composition and morphology dependence on temperature provided an 
important experimental foundation for the growth strategy explored in this paper. These 
experimental results also further support my earlier statement about the difficulty of 
directly growing Zn, Se- and S-rich ZnCdSSe alloys due to the low vapor pressure and 
consequential growth of wire-like structures.  
Given their known alloying capability [93, 98, 99], CdSe provides an ideal 
template for morphology transfer to a Zn- and S/Se-rich ZnCdSSe alloy. It is important to 
note that all previous studies of substitutional reactions involved the exchange of only 
cations or anions, and even then typically in the solution phase, while conversion of CdSe 
by ZnS a source necessarily deals with the simultaneous substitution of both cations and 
anions. Such a growth represents, to the best of our knowledge, the first demonstration of 
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simultaneous anion and cation exchange in the vapor phase during an uninterrupted 
growth. This novel mechanism is crucial to the successful growth of our desired materials 
with the desired morphologies and alloy compositions (and thus, bandgaps). 
Figure 
7.4 Composition-graded quaternary alloy nanostructures on a single quartz substrate. a, 
Real-color image of the as-grown full composition-graded sample under ambient 
lighting. The light gray and black regions on the substrate represent the ZnS- and CdSe-
rich compositions, respectively, and the intermediate colors are associated with the 
quaternary alloys of intermediate compositions. Scale bar only for the width direction, 
0.25 cm. c, PL images of the region between the dashed lines under 10X (b) and 50X (c) 
magnification. The sample was pumped by a 405 nm continuous wave (CW) laser diode. 
d, SEM images from six representative points along the substrate, within the region 
between the dashed lines in a. Scale bars, 10 m. e, EDS results from fourteen evenly-
spaced points between the dashed lines in a, moving from left (ZnS-rich) to right (CdSe-
rich). f, Corresponding EDS spectra of several points in e. 
Consistent with common understanding [100, 101], the catalyst-led VLS mechanism 
dominates the growth at low levels of supersaturation, producing a wire-like morphology. 
At high supersaturation, the VS mechanism dominates the growth, producing two-
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dimensional belts, ribbons and sheets. The optimal growth conditions are illustrated in 
Fig. 7.3 and Fig. 7.5a, where R3, R2, and R1 and the corresponding temperatures are best 
suited for the growth of alloys with red, green and blue emission respectively. An 
extensive study was carried out to determine alloy composition and morphology at a 
given substrate location (and thus temperature).  
Figure 
7.5 Growth procedure of the MSHNs. a, Schematic of the CVD setup with a temperature 
gradient of 66 °C/cm in the region used for positioning the substrate. Illustration of the 
growth procedure. The samples are grown starting at position R3, followed by R1, R2 
and finally back to R3, with the corresponding temperatures labeled as T1, T2, and T3. 
The associated product samples after these steps are labeled as P3, P31, P312 and P3123, 
respectively. c, PL images of individual structures after the corresponding growth 
sequences. Inset in panel 4 of c: a multi-segment nanowire structure resulting from the 
P123 growth sequence. Scale bars, 15 m. d, Optical images of the samples under 
ambient lighting. Scale bar, 1 cm. e, PL spectra of the samples shown in c and d. 
The growth procedure is shown schematically in Fig. 7.5. First, Cd- and Se-rich 
ZnCdSSe nanosheet structures (P3) are grown at low temperature (at R3 with 
T3~640°C). The substrate was then moved to the higher temperature region R1 
(T1~780°C) using a connected iron rod driven by an external magnet to further promote 
diffusion processes [20]. This causes the structures to transform uniformly into a Zn- and 
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Se-rich ZnCdSSe alloy (P31) without changing morphology or crystal structure, as can be 
seen from the PL images of Fig.7.5c and PL spectra of Fig. 7.5e. The red PL peak from 
P3 is entirely converted to the blue peak in P31 in Fig.7.5e. The defect-free PL features in 
P31 indicate the high crystal quality of the transformed structures, as imperfect wide-gap 
semiconductors typically show strong emission below the bandgap energy.  
Our extensive growth study has established this indirect route being practically 
the only successful means for growing low aspect ratio nanosheets capable of blue 
emission. No combination of growth parameters could be found to produce such 
structures directly due to the low vapor pressures of ZnS and ZnSe. All attempts to grow 
wide-gap materials directly resulted in small, multi-segment NWs (inset within panel 4 of 
Fig. 7.5c, indicated by P123) which are unsuitable for multicolor lasing, as discussed 
earlier in Chapters 5 and 6. The growth process of P31 was then followed by growth at 
position R2 (at T2~740°C) and the second segment was synthesized by incorporating 
more Cd and Se ions to add green light emission (see P312 in Fig. 7.5b). The final growth 
step, at position R3, added the red-emitting segment, resulting in final MSHNs capable of 
simultaneous RGB light emission (see P3123 in Fig. 7.5b). At positions P2, and later P3, 
the lower substrate temperatures favor the VS mechanism for 2D nanosheet growth, as 
ion transport is dominant over the exchange processes at lower temperatures [15]. Our 
unique procedure relies on exploring the interplays among the VLS and VS mechanisms, 
as well as the simultaneous gas-phase anion and cation exchange processes in the right 
sequence.  
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Structural characterization of the MSHNs was carried out using a JEOL 2010F 
TEM equipped with an EDAX energy dispersive X-ray spectrometer detector at 200 kV 
and an FEI XL30 ESEM at 15 kV. It is worth noting that the sample used for TEM 
characterization was deliberately chosen from a broken nanosheet piece to eliminate 
bending during dispersion onto the TEM grid, which would introduce difficulty in 
finding the zone axis (see Fig. 7.6 for a clearer understanding). As-grown structures were 
dispersed onto a glass substrate via contact printing [4] and then moved to a TEM grid 
using a homemade tapered fiber, as explained in the manipulation section. Surface 
characterization was performed with a Bruker Dimension 3000 AFM in tapping mode, 
using a standard pyramidal Si3N4 tip at a scan rate of 0.5 Hz. This setup provides a Z-
resolution of approximately 0.07 nm. 
SEM images show that the structures have lengths of up to 60 μm, widths of up to 
45 μm, and thicknesses in the range of 60-350 nm (see Fig. 7.7d). High resolution 
transmission electron microscope (HRTEM) images and SAD patterns in Fig. 7.7b & c 
show that each segment of the structure is a high-quality wurtzite monocrystal, with no 
apparent defects or strains. EDS analysis of the representative nanosheet in Fig. 7.7f 
shows that it is composed of Zn, Cd, S and Se, and that the concentration of those 
elements changes along the c-axis. As one moves from the blue-emitting toward red-
emitting region, the concentrations of Cd and Se increase while those of Zn and S 
decrease. Based on the EDS line scan, the (010)- and (001)-plane spacings and emission 
wavelengths along the structure were extrapolated and correlated with the measured 
values from the HRTEM images and PL spectra. These results are all in good agreement 
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with one another (see Fig. 7.8). In order to do that first, nine-point averaging was 
performed on the original EDS scan data to reduce the data noise to obtain the atomic 
percentage information for each element. Based on the relative atomic percentage ratios 
of the Zn-Cd and S-Se pairs, the abundance of each element in the  
 
Figure 7.6 SEM images of individual structures dispersed onto a Cu TEM grid. As the 
size increases, the chance of bending increases, thus making it hard to find the zone axis 
to capture an HRTEM image.  
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Figure 7.7 Structural characterization of an MSHN. a, Low-resolution TEM image of an 
MSHN. b, HRTEM images of the regions inside the color squares in a with the 
corresponding color code. Inset in b: the respective FFT patterns. c, Indexed SAD 
patterns of the regions inside the corresponding colored circles in a. The FFT and SAD 
patterns are identical except for a 30° rotation due to image rotation at higher 
magnifications. d, 60° tilted SEM image of the structure with close-up views of the cross-
section. The thickness was measured to be 70 nm after compensating for the tilt angle. e, 
PL image and f, Scanning TEM images of the structure. g, Calculated composition 
change along the width of the nanosheet based on the EDS line scan done along the solid 
red line in f. h, Correlation of the EDS mapping inside the dashed rectangular area of f, 
with the atomic percentages gathered from the EDS line scan. 
alloy was calculated. This composition information was plotted in Fig. 7.7g. In order to 
find out the bandgap energy of the quaternary alloy across the width in Fig. 7.7e, we used 
the standard linear interpolation formula: 
 𝐸𝑔(𝑍𝑛𝑥𝐶𝑑1−𝑥𝑆𝑦𝑆𝑒1−𝑦) = 𝐸𝑔(𝑍𝑛𝑆) ∙ 𝑥𝑦 + 𝐸𝑔(𝐶𝑑𝑆𝑒) ∙ (1 − 𝑥)(1 − 𝑦) + 𝐸𝑔(𝐶𝑑𝑆) ∙
(1 − 𝑥)𝑦 + 𝐸𝑔(𝑍𝑛𝑆𝑒) ∙ 𝑥(1 − 𝑦)         
In the equation, we used the bandgap values of ZnS (3.91 eV), ZnSe (2.7 eV), CdS (2.42 
eV) and CdSe (1.74 eV), respectively. We then calculated the emission wavelength 
(triangles in Fig. 7.8) along the full width using the following equation: 
λ (nm) =
1240
𝐸𝑔 (𝑒𝑉)
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Figure 7.8 Correlation of the emission wavelengths and the lattice plane spacing with 
experimental data. Emission wavelength, (010)-plane and c-plane spacing values (shown 
with plus signs (+), asterisks and crosses (x), respectively) as measured at three positions 
along the width of a ZnCdSSe nanosheet, and the respective interpolated values along the full 
width of the structure. The triangles, diamonds and squares correspond to the interpolated 
wavelengths, (010)-plane and c-plane spacing values, respectively. 
Similarly, we used Vegard’s Law and the composition information to obtain the 
(010)-plane spacing and (001) c-plane spacing (c lattice constant) for the ZnCdSSe 
quaternary alloy along the full width using the lattice constants (a and c) of ZnS (0.6234 
nm and 0.3811 nm), ZnSe (0.653 nm and 0.398 nm), CdS (0.6749 nm and 0.4135 nm), 
and CdSe (0.702 nm and 0.43 nm) [102-105]. The results of the Vegard’s Law analysis 
are shown in Fig. 7.8 for wavelength corresponding to the bandgap energy (triangles), 
(010)-plane spacing (diamonds) and c-lattice constant (squares). Overlaid in the same 
figure is the direct PL wavelength (plus signs (+)), TEM measured (010) and (001) c-
plane spacings (asterisks and crosses (x)). As we can see, there is a good agreement 
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between the directly measured results and the interpolated results from Vegard’s Law. 
The red, green and blue-emitting segments have (010)-plane lattice spacing of 0.367 nm, 
0.3619 nm and 0.346 nm; c-plane lattice spacing of 0.688 nm, 0.679 nm and 0.656 nm; 
and central emission wavelengths of 449 nm, 540 nm, and 612 nm, respectively. Based 
on the interpolated lattice spacing values, we found that the lattice mismatch between 
blue and deep red-emitting regions along the growth direction [001] is 6.6%, which is in 
agreement with an experimental finding of 6% mismatch between the blue and light red-
emitting segments. The EDS line scan and elemental mapping of the structure in Fig. 
7.7g & h show that the relative abundance of anions does not change as much as that of 
cations during the ion exchange process, assuming that the Zn- and Se-rich segment had 
approximately the same composition as the Cd- and Se-rich segment due to the identical 
growth conditions. This implies that the cation exchange process is faster than the anion 
exchange process, which would be expected due to the inhibited diffusion of the larger 
anions [16].   
In our novel growth route, we have two variables: growth time and substrate 
position for each segment. These determine the width of the segments, thus affecting the 
light intensity and composition thus affecting the bandgap energy and therefore emission 
wavelength, respectively.  In order to control the relative intensity of the layers to achieve 
white light with distinct CCT values, we must grow layers having different widths at the 
proper wavelength values, which directly affect the emission strength and, therefore, the 
warmness of the white light. Although this cannot be precisely controlled in our growths, 
we are able to have enough rough control to grow each segment with different widths by 
  137 
applying distinctive growth times in each step. As a result, we grew a number of 
structures under different conditions and examined their photometric properties.   
We have calculated the CIE (International Commission on Illumination) 
chromatic coordinates (x, y) using 2-degree observer color-matching functions and the 
detected PL spectral data of each structure, shown in Fig. 7.9a. Although all of them are 
in the white region, samples #1 and #10 are the best ones for light close to daylight (CCT 
of 6500K). In Fig. 7.9b the dashed line represents the CCT trend, and our samples cover 
white light in the range of 2700K (warm) - 18000K (cool) CCT values, which were 
calculated using the McCamy approximation [106]. Even though the CCT value of the 
light is very important in terms of light quality, color rendering index (CRI) is another 
important notion.  Broadband sources are always believed to have better CRI values; 
however, research done at Sandia National Laboratories [107]  showed that 
quadchromatic narrow band sources (lasers) can also have CRI values as high as 
broadband sources, and this is indistinguishable from high-quality state-of-the-art white 
reference illuminants. This shows that our structures can be strong candidates for lighting 
applications with tunable CCT values which can enable personalized lights for 
consumers.  
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Figure 
7.9 (a) PL spectra of the twelve different structures (b) corresponding position of the 
structures on the CIE chromaticity diagram (c) PL images of those structures (PL images 
were taken independently and put together later in one image). 
As stated before, one of the most important reasons to choose a tri-chromatic 
white light-emitting device instead of a similar dichromatic option is the wide range of 
possible applications. Any intermediate colors, including white, can be generated just by 
mixing RGB in the proper ratios.  
Getting white light out of RGB has been shown and explained above, but 
generating other colors from the same structures was not addressed. There are a few ways 
to do this. Basically what we need is to change the dominance of each layer by obtaining 
different power ratios. One way is to apply different currents to each layer, and another 
one is the use of three different laser beams with different pumping powers for electrical 
injection and optical excitation, respectively. However, we used a single laser beam 
focused into 40 m x 30 m elliptical shape to pump our structure for the sake of 
simplicity. In order to get the different power ratios over each layer, the laser beam was 
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swept across the structure gradually from the blue- to red-emitting region. As 
demonstrated in Fig. 7.10, when the laser beam is focused mostly over blue and slightly 
over green light-emitting regions, the color seen from the edge of the structure is bluish. 
As we move the laser beam towards the red region step by step, the emitted light from the 
other segments propagates across the structure and the mixture of those lights is seen as 
cyan, white, yellow and orange, in that order. The reason why we see those colors from 
the only one edge is because the blue-emitting layer has a large bandgap energy, and the 
energy of green and red light is not high enough to be absorbed by this layer. Therefore, 
we see the mixture of the lights from the bottom edge utilizing the wave guiding property 
of our nanostructure. Since we cannot pump only the blue- and red-emitting layers at the 
same time using this simple method, we are not able to show purple light here, however it 
is possible utilizing one of the earlier mentioned methods. This demonstration (red 
dashed ellipse in Fig. 7.10) shows that we can get any visible color, including white, 
using our monolithic nanosheet structures. 
Figure 
7.10 Illustration of the intermediate colors and white light emission from the bottom edge 
via propagation across the structure. The laser beam sweeps from the blue- to red-
emitting segment. Once we pump all three segments equally, we obtain white light [108]. 
The scale bar is 20 m. 
7.2.1 Growth Mechanism of the Nanosheets 
Understanding the interplay of various growth mechanisms is the key for growing the 
desired MSHNs. Extensive growth and characterization experiments were carried out to 
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identify various growth mechanisms (or modes) to associate each mechanism to a given 
set of growth conditions. In the following section, I provide evidence from our TEM, 
SEM and AFM experiments for various growth mechanisms. 
Since there is not any demonstration of nanosheet morphological evolution 
besides a single theoretical paper, we have done several experiments to illuminate each 
stage of nanosheet formation. All these experiments are done at R3 for various periods of 
time to grow single-composition ZnCdSSe quaternary alloy nanostructures. TEM, SEM 
and AFM characterizations and observations of the growth trend indicate that the growth 
of wurtzite Cd- and Se-rich ZnCdSSe nanosheets occurs in two steps, as previously 
theorized [109] (see Fig. 7.11). First, axial nanowire growth takes place along the [010] 
direction via Au-catalyzed VLS as the reactor heats up (Fig. 7.11a-d) due to the low 
vapor pressure in the initial stage. Subsequently, lateral growth (self-catalyzed VLS and 
VS) occurs along the [001] direction when the vapor pressure increases as the source 
temperature is ramped up and after the furnace has reached the target temperature (Fig. 
7.11f-h). This mechanism is dominant for the remainder of the growth process. The VS 
mechanism’s role in the lateral growth is to fill the gaps between self-catalyzed 
secondary NWs, and we can see the gaps between these NWs in Fig. 7.11f-h. Continued 
growth of new segments after the first CdSe-rich nanosheet structure is formed occurs in 
the [001] and [001̅] directions on the two corresponding polar surfaces of the nanosheet, 
leading to a nanosheet structure of low length-width aspect ratio. We emphasize that VS 
growth in the second phase only occurs at high vapor pressure with a high level of 
supersaturation. For the material system studied in this paper, the VS growth most likely 
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serves to incorporate CdSe or quaternary alloy ZnCdSSe with a composition close to 
CdSe into the structures. For the quaternary alloys with compositions closer to ZnS, the 
low vapor pressure makes it extremely unlikely for VS growth to occur. Thus, direct 
growth of nanosheet structures of wide-bandgap materials emitting in the blue 
wavelengths has been a challenging task, as addressed earlier. It is important to note that 
the lateral growth is asymmetric with respect to the growth along [001] and [001̅] 
directions. This leads to segments with different widths on the two opposite sides of the 
blue light-emitting segment, as illustrated in Fig. 7.5b, and observed in Fig. 7.7e and Fig. 
7.9. This can be attributed to the chemical activity differences between the two polar 
facets along the [001] and [001̅] directions [110-111]. When the surface is terminated by 
cations (Zn2+ or Cd2+), it has a higher surface energy, and is thus more reactive [111]. 
Possible catalytic process by Zn and Cd atoms could also potentially increase the growth 
tendency of the cation side. This results in a much higher growth rate along the cation-
terminated edge than along the anion-terminated edge (see Fig. 7.12 for a better 
understanding of the relevant polar and non-polar surfaces). Depending on the growth 
times, the segments on the anion-terminated side may be very narrow, or even non-
existent. If the growth time for the red light-emitting segment is longer than that for the 
green light-emitting segment, the anion-terminated side will have only one narrow 
segment while the cation-terminated side will have two wide segments of different 
compositions. The wavelengths of the emitted light from the narrow and wide regions of 
similar colors can vary by several nanometers, even though all segments were grown 
under the same conditions and at the same time, resulting in the presence of four distinct 
lasing peaks from some structures instead of the expected three (as seen in Fig. 7.9). This 
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is possibly due to the higher interdiffusion rate along the positively charged polar growth 
front. This is most commonly observed for Cd- and Se-rich regions, resulting in different 
emission wavelengths in red colors (the so-called light and deep reds). 
 
Figure 7.11  Proof of the nanosheet growth mechanism. a-e, Morphological evolution of 
CdSe-rich ZnCdSSe structures with different growth times as indicated on the images. 
Temperature ramping time was 24 min. f and g, SEM images of the nanosheet side along 
[001] direction with different magnification values, where we see the secondary self-
catalyzed NWs. h, AFM image of nanosheet side where we see the secondary NWs and 
gaps filled by VS growth.  i and j,  SEM images of two CdSe-rich nanosheet structures in 
which the catalytic Au tips can be clearly seen in the dashed circle areas at the corner in i 
and on the extended nanowire in j. Inset in i and j: zoomed-in view of the region in the 
dashed circles. Au indicates that axial growth first  occurred via VLS and lateral growth, 
where there is no presence of Au, occurred via VS. The situation seen in j is very rare, 
but it is nevertheless demonstrative of the two separate growth mechanisms. Here, both 
axial and lateral growth occurred simultaneously, resulting in a tapered structure. It seems 
that only significant axial growth occurred possibly during the cooling down process, 
causing the structure to have a nanowire extending from the nanosheet body. 
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Figure 7.12 Illustration of the polar and non-polar surfaces with structure models. When 
the face is terminated by only cations or anions, it is called polar. If a face is terminated 
by an equal amount of anions and cations, the net charge is zero, and it is called non-
polar and if the amount of anions and cations are not equal it is called semi-polar.  
7.2.2 Direct Evidence of Simultaneous Anion and Cation Exchange Processes 
The dual-ion exchange is one of the key aspects of our growth process. In Fig. 
7.5c and 7.5e, we presented evidence of simultaneous anion and cation exchange that 
converted materials from predominantly CdSe-like red-emitting into a blue-emitting 
sheet. The significant increase of Zn and S, as shown in Fig. 7.7g, clearly signifies the 
occurrence of dual ion exchange. Since the EDS scan was performed after the growth of 
entire MSHN was completed, subsequent growth could have potentially influenced the 
composition of the blue-emitting segment. In this section, I attempt to provide more 
direct evidence to support the dual-ion exchange process without the influence of any 
other subsequent growth process.     
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Figure 7.13 Demonstration of the simultaneous dual-ion exchange mechanism. a1, a2, 
SEM images of CdSe- and ZnSe- rich quaternary alloy structures. Red crosses show the 
places where EDS spectra were taken. b1, b2, PL images of the corresponding structures 
in a1, a2 under a UV laser pumping. Dark regions on the structures in the PL images 
represent a closer contact with the carbon film of TEM grid. The emitted light from those 
areas was absorbed by the film, making it look black instead of red or blue. c1, c2, EDS 
spectra of the corresponding structures in a1, a2. d1-g1 and d2-g2, EDS elemental 
mapping of the structures seen in a1 and a2, respectively. The distribution of the elements 
shows that structures before and after the ion exchange process are very uniform. It is 
clearly seen that before ion exchange Cd and Se distributions are more dense and bright, 
while Zn, Se and S distributions are much brighter and denser for the structure right after 
the ion exchange process.  
 
To this end, I have done two experiments using exactly the same growth 
conditions applied to grow MSHNs, but two different position paths were applied.  In the 
first one, I grew the CdSe- rich structures only at position R3, shown in Fig. 1a and 
terminated the growth. In the second one, I did the same growth at R3 as in the first one, 
but then followed by moving to R1 to transform the CdSe- rich structures into Zn- rich 
structures (P31 in Fig.1b). As seen in Fig. 7.13 a1 and a2, two individual structures from 
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each of the original samples were dispersed onto a TEM grid to perform elemental 
analysis using EDS in an SEM. Fig. 7.13 b1 and b2 show that they emit pure red and blue 
light under UV laser pumping, and the EDS spectra in Fig. 7.13 c1 and c2 show that they 
are CdSe- and ZnSe-rich ZnCdSSe quaternary alloys, respectively. As we can see, the 
growth at R1 (P31) resulted in the increase of Zn and S abundances from 3% and 10% to 
35% and 24%, respectively, with the corresponding decreases in Cd and Se abundance.  
Fig. 7.13 d1-g1 and d2-g2 show the uniform distribution of each element, which indicates 
that the ion exchange process occurred uniformly. This comparison conclusively 
demonstrates the simultaneous exchange of cations and anions through the growth 
process P31. In addition, we observe that the cation exchange process is ~2.3 times faster 
than the anion exchange process, as expected because of the inhibited diffusion of larger 
anions. 
Another set of experiments were done using similar position paths, but in that 
case I did two experiments with a little bit different position (~2 mm) after the growth of 
the CdSe-rich nanosheet structures. The purpose of these experiments was to provide 
evidence of dual ion exchange through XRD analysis, and to show the possibility of 
getting blue light emission shorter than the typical blue wavelength (460-470 nm). In Fig. 
7.14a, we see the real-color image of the as-grown samples under ambient light. As 
already indicated in Chapter 7, the black region corresponds to the CdSe-rich ZnCdSSe 
quaternary alloys and as the color goes from yellowish to whitish, the amount of Zn and 
S elements increases in the quaternary alloys. That means the samples seen in Fig. 7.14 
are CdSe-rich, ZnSe-rich and ZnS-rich quaternary alloys from left to right, respectively. 
PL images in Fig. 7.14b show that the sample grown in the low-temperature region emits 
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light at 655 nm and the other two samples after the dual-ion exchange process emit at 455 
nm and 440 nm, respectively. In order to determine the composition of the samples, XRD 
analyses were carried out for these three samples. The strongest peaks of the samples, 
which belong to (100), (002) and (101) planes were compared with the strongest peaks of 
CdSe, CdS, ZnSe, and ZnS binary materials in Fig. 7.14c. As seen, the first grown 
sample’s (P3) peaks are very close to pure CdSe material, as expected. After the dual ion 
exchange process, those peaks for the second sample (P31#1) get close to ZnSe, and the 
other ones get close to ZnS, indicating the emission wavelength of the samples should be 
in the blue to near-UV regions. One should note that the sharpness and intensity of the 
main peaks were degraded, and it is most likely because of the dual-ion exchange 
mechanism. Despite the degradation, samples after the dual ion exchange can emit light 
in the blue region without having any mid-gap related defect emission, which is a 
substantial problem in general for II-VI materials. In conclusion, these experiments and 
analyses show that we can grow high-quality ZnS- or ZnSe-rich products utilizing the 
simultaneous anion and cation exchange process demonstrated for the first time in my 
research.  
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Figure 7.14 Direct evidence of the dual ion exchange process through XRD and PL 
analyses. a, Real-color image of the samples under room light. The black one represents 
the CdSe-rich products before the ion exchange process, whereas the others are from after 
ion exchange. b, PL spectra of the corresponding samples in a. The reason for the tail for 
the sample P31#2 is because of the temperature non-uniformity on the sample, which 
causes some other products with longer emission wavelengths. c, Comparison of the 
strongest peaks of the samples with those of binary materials such as CdSe (PDF Card - 
00-002-0330), CdS (PDF Card - 00-001-0780), ZnSe (PDF Card - 00-015-0105), and 
ZnS (PDF Card - 00-001-0677).    
 
 
Our analysis of the data in Fig. 7.7 shows that Zn and S concentrations were 
increased by ~55% and ~23%, respectively.  Since the first and second positions were not 
exactly the same, the differing concentration increases are expected. The most important 
thing to notice here is that the cation exchange process is found to be ~2.4 times faster 
than the anion exchange process, which matches very well with the value of ~2.3 found 
from the experiments of Fig. 7.13 c1-c2.   
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7.2.3 Versatility of the Growth Method used in This Chapter 
By simply increasing the number of steps after the dual ion exchange process, 
MSHNs with more segments emitting a variety of colors (nearly any color in the visible 
spectrum, see Fig. 7.15) can be grown. To demonstrate the versatility of our novel growth 
method, several experiments were performed following different growth paths from 
P3123, described earlier. Figure 7.15 shows the structures grown using several different 
position sequences after the growth of the blue light-emitting (shortest wavelength) 
segment through the dual ion exchange process. It is important to note that, depending on 
the innermost substrate position (with the highest growth temperature), we can get blue 
light emission at different wavelengths, as seen in the Fig. 7.15a. The substrate positions 
after the dual ion exchange were almost evenly spaced, but the number of segments in 
these structures is different due to the number of intermediate steps applied. It is 
noteworthy that the total growth time for our experiments is around 45 min to prevent 
source depletion, and therefore when the number of segments is increased to cover the 
whole visible spectrum, the growth time of each segment must be reduced accordingly, 
resulting in MSHNs with very narrow segments (Fig. 7.15b). PL images and spectra of 
the corresponding structures show that the whole visible spectrum can be covered almost 
continuously with spontaneous emission from a single MSHN. 
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 Figure 7.15 PL spectra and images of nanosheets grown using three different substrate 
position sequences. a, PL spectra of the corresponding structures in b when the light was 
collected from the entire sample. b, PL images show that nanosheets contain several 
segments and emit light of various visible colors. Scale bars, 15m. Samples were 
pumped by a 405 nm CW laser diode. 
 
By using our novel growth method, we can also eliminate the partial propagation 
of green light in the CdS-rich section because of the higher refractive index on its one 
side (see Chapter 5 for details). By simply growing a narrow segment with higher 
bandgap energy material, we can eliminate this and the wave can be guided more 
efficiently inside the CdS-rich region. In addition, it also helps to confine carriers in the 
green region because of the barrier created by the higher bandgap energy layer, as shown 
in Fig. 7.16. In order to demonstrate this, I did an experiment using similar conditions to 
those used for the RGB-emitting structures proposed earlier, but added one extra step 
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after the growth of the green-emitting section. Figure 7.16 shows the growth steps and the 
idea we want to achieve, as well as the resultant products. There is a narrow segment 
between the green- and red- emitting layers, but it looks like black. The reason is because 
all of the emitted light from this section was absorbed by the two adjacent segments 
whose bandgap energies are lower. Since we used the inner substrate position for this 
step, it is expected to emit greenish blue (cyan) light, however, since this light was fully 
absorbed, we see a black region there. In the meantime, the emission from the widest 
segment is not seen because these particular growth conditions most likely favored NUV 
emission which is not visible to the human eye.  
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Figure 7.16 Growing wider bandgap material between two adjacent segments. Refer to 
Fig. 5.6a-Case II to make a comparison between refractive index profiles. 
 
7.3 Device Applications 
7.3.1 Demonstration of the World’s First Multicolor LASER based on MSHNs 
Multicolor or multi-wavelength lasers with a wavelength span beyond the 
capability of a single laser material has been the subject of great interest in recent years 
[64-72] due to the wide range of potential applications, with the realization of white 
lasers as the ultimate goal. Lasers that span the full visible spectrum, particularly with 
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RGB colors, can be used for laser lighting [73,74], full-color laser imaging and display 
[75, 76], biological and chemical inspection [77, 78] as well as on-chip wavelength-
division multiplexing (WDM) [79, 80]. As an illuminant, lasers offer higher energy 
conversion efficiencies and potential output powers than white LEDs and other 
traditional illuminants. It was recently demonstrated [73, 74] that illumination with four 
monochromatic lasers is visually equivalent to a continuous-spectrum white reference 
illuminant as seen by the human eye. In addition, the highly monochromatic component 
colors allow for a wider achievable color gamut (>90% of all colors perceptible to the 
human eye), a higher contrast ratio and more vivid colors than traditional display systems 
based on broadband light sources. Despite great efforts towards generating multicolor 
lasing using various approaches [64-72], a single monolithic semiconductor laser capable 
of lasing at all three elementary colors has not been realized so far due to several 
significant challenges. First, most of the previous approaches use non-semiconductor 
materials such as nonlinear optical crystals [66], rare-earth doped materials [65, 67] dye-
doped polymers [68] or liquids [69] or microfibers [70]. Such setups are bulky, 
inefficient and incompatible with electrical injection, an important ultimate requirement 
for many applications. Second, the semiconductor-based approaches [70, 72] combine 
several discrete devices in a heterogeneous manner, thus increasing the volume, 
complexity, and cost of the overall system. Producing emission covering all visible 
wavelengths in a single structure requires growth of potentially very dissimilar 
semiconductors into a monolithic structure with high crystal quality. This has been a goal 
pursued by the crystal growth community for decades and remains a challenging one, 
especially using conventional planar epitaxy techniques due to the large lattice mismatch 
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involved. As an alternative to the standard planar epitaxial structures, pioneering research 
has been conducted to use quantum dots (QDs) [117] and nanowires [94, 113, 114] as a 
means of producing emission over a wide spectrum range, although serious issues 
remain. For QDs made with solution-based techniques [65], control of the spatial 
distribution to avoid absorption of short wavelength emission by narrow-gap dots 
remains difficult. More importantly, electrical injection remains a fundamental challenge 
for such lasers, in spite of successful full-color LED demonstrations [97, 115]. However, 
using our novel growth method, we are able to grow single monolithic structures 
composed of dissimilar materials to emit RGB light, as explained earlier. The 2D cavity 
and appropriate cavity geometry of these structures will enable eventual electrical 
injection multicolor lasers and make them very promising for practical applications. 
To demonstrate lasing behavior, extensive optical study was conducted. Fig. 7.18 
shows simultaneous multicolor lasing behavior from a representative MSHN under 
uniform pumping after transfer onto an MgF2 substrate. In order to achieve this, the 
source beam from an Nd: YAG laser was directed through a convex lens (L1) and then 
focused onto an MSHN sample (see Fig. 7.17). We intentionally defocused the pumping 
beam to enlarge the beam size and create a more uniform pumping area to cover the 
entire sample. The MSHN was intentionally cleaved from a longer MSHN piece by the 
bend-to-fracture method [116] to create a high-quality reflecting end facet. The size of 
the main portion of the multicolor lasing cavity, enclosed by the white dashed box in Fig. 
7.18a, is 28.0 μm × 18.0 μm × 0.3 μm. This particular nanosheet also features narrow 
protruding segments of irregular shape extending to the right side of the white box, 
indicating that this nanosheet was imperfectly detached from a larger nanosheet. Fig. 
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7.18b shows a PL image under a single pulse pumping at 1.2 μJ. Largely uniform 
spontaneous emission can be seen, with strong scattering from the edges, and an 
additional strong line in the middle of the nanosheet across the green and light-red 
emitting segments due to a bent edge created during the transfer of the nanosheet. There 
is also a weaker scattering of the emission due to the surface corrugation, which is going 
to be discussed later in detail in “Effect of Surface Roughness”. Fig. 7.18c shows the 
emission at 4.0 μJ pulse energy. It is clear that the uniform emission has been replaced by 
more pronounced scattering lines and a significantly diminished background, indicating 
that the transition from spontaneous emission to lasing has occurred. The spectral 
evolution with increasing pulse energy is shown in Fig. 7.18d. At the lowest pumping 
energy of 1.3 μJ, only broadband spontaneous emission is observed. Increasing the 
pumping energy from 1.8 μJ to 3.3 μJ, narrow peaks at red (642 nm and 675 nm), green 
(530 nm) and blue (484 nm) colors appear sequentially. Both the intensity and the 
number of peaks of each color increase with pumping energy, which is attributed to well-
known multimode lasing behavior [53]. A lasing wavelength span of 191 nm can be seen, 
which is far beyond the gain bandwidth of any reported monolithic semiconductor. The 
light-red lasing (642 nm) was generated from the cation-terminated growth front, and 
appears as the red-emitting segment in Fig. 7.18b & c. The deep-red lasing (675 nm) was 
from the anion-terminated growth front on the opposite side of the nanosheet, which is 
not visible in Fig.7.18b-c, as a result of the weak response of our camera [117] at 675 nm. 
Due to the large size of the nanosheet structures, different longitudinal and transverse 
modes cause very close mode spacing [118], and thus more modes are excited above the 
threshold with the increase in pumping intensity. At a pumping level of 3.9 μJ, 
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multimode lasing can be clearly observed. Clear multimode behavior within the spectral 
band of each color, with individual linewidths as narrow as 0.2-0.4 nm, were observed 
once pumped above the lasing threshold (see Fig. 7.19). The resolution limit of our PL 
system with 2400 g/mm and 0.1 mm slit size is estimated to be 0.1 nm. 
 
Figure 7.17 Schematic of the uniform pumping system. 
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Figure 7.19 High-resolution lasing spectra from the MSHN in Fig. 7.18  
 
Figure 7.18 Simultaneous multicolor lasing from a single MSHN. a, Bright 
field optical microscope image. The dashed white box indicates the main 
portion of the cavity. b and c, Real color images under low and high (above 
threshold) pumping of a single pumping beam 180 μm in diameter, 
respectively. Scale bar, 10 µm. The three strong vertical lines indicate 
significant scattering from the two edges and from the bent edge in the center. 
d, The spectra at different pumping levels as labeled on the lower right side of 
the figure. The intensity of the first two spectra was multiplied by 5 to show 
the details. 
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Further evidence of multicolor lasing behavior can be seen for each of the four 
colors in Fig. 7.18d in the light-in-light-out (LILO) curves plotted in Fig. 7.20a-d, 
together with theoretical fittings based on the multimode lasing equations [58]. Typical 
S-like curves covering the three regimes of operation are clear in the double log scale 
plots. For all four colors both the spontaneous emission regime, dominating at lower 
pumping intensity, and the stimulated emission regime, dominating at higher pumping 
intensity, have slopes of ~1. The maximum slope of the superliner transition regime, in 
which amplified spontaneous emission is the dominant process, varies by color. The 
slopes are calculated to be 2.1, 7.3, 2.7 and 2.2 for blue, green, light red and deep red, 
respectively. Since the maximum slope of the superliner regime represents the most 
dramatic transition from spontaneous emission to lasing, they are often used to define the 
lasing threshold. Based on the four individual LILO plots, the thresholds for blue, green, 
light red, and deep red lasing are 3.3 μJ, 2.9 μJ, 2.0 μJ, and 3.0 μJ, respectively, for single 
pulse excitation, corresponding to the power density of 1441, 1266, 873, and 1310 
kW/cm2, respectively. Such simultaneous lasing in all three elementary colors from a 
single monolithic structure has not been observed before. 
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As stated above, RGB lasers enable a larger color gamut, higher contrast ratio, 
and better color saturation than LED displays due to the narrow linewidth of the 
stimulated emission. Figure 7.21 shows the comparison of the color gamuts produced by 
two of our MSHN samples (#4 and #9) with the standard sRGB color space, which is 
widely used in industry [120]. Due to the flexibility and control of alloy composition 
enabled by our growth technique and the narrow linewidth of stimulated emission (shown 
in Fig. 7.21b-c), the three primary lasing colors of the MSHNs can be controlled to allow 
a larger color gamut to be achieved. Comparing to sRGB, the sample #4 and sample #9 
cover respectively 70% and 50% more perceptible colors specified by CIE LAB color 
space [121]. Such a large color gamut, enabled by the flexibility of our approach, could 
Figure 7.20 Light-in-light-out (LILO) curve with multimode lasing fitting. a-d, 
The LILO curves of the 484 nm, 530 nm, 642 nm and 675 nm lasing peaks in 
log-log scale. Insets: LILO in Linear scale. Circles represent direct 
measurements, while solid lines are the fitting using a multi-mode laser theory.   
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be used in the production of high-contrast ratio displays with better color saturation than 
is available today. 
 
Figure 7.21 Color gamut of MSHNs. a, Color gamut of Sample #4 (dashed) and Sample 
#9 (dotted) compared to the sRGB color space. b & c, The lasing spectra of Sample #4 
and Sample #9 when the three sections of the nanosheet are excited independently. 
 
As demonstrated in section 7.2.3, we can grow structures with a number of 
segments enable emitting any visible color of lights by utilizing our versatile growth 
method. By pumping those kind of structures (seen in Fig. 7.15) over the lasing 
thresholds, we can demonstrate a rainbow laser from a single structure. Figure 7.22 
shows the spectra at different pumping levels and demonstrate the simultaneous five-
color lasing at blue, green, yellow, orange and red colors. To the best of our knowledge, 
this demonstration is the first example of its kind up to date and can be used for a number 
of device applications such as flow cytometry and biological sensing in addition to the 
ones already mentioned earlier.   
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Figure 7.22 PL spectra of five-color lasing at different pumping levels. 
 
 
 
7.3.2 Effect of Surface Roughness 
Due to the particular sequence of VLS and VS growth mechanisms, as discussed 
in the growth part, the resulting MSHNs often have rough surfaces. Such rough surfaces 
necessarily lead to scattering loss, as indicated by the bright spots on the body of the 
structures in the PL images. To investigate the influence of this surface roughness on the 
laser cavity and Q factor, tapping mode AFM was performed on an MSHN to generate a 
height line scan. Fig. 7.23a & b show related AFM images, with the red arrow indicating 
the line scan path along the MSHN. Notice that the line scan direction is perpendicular to 
the VS growth direction indicated in Fig. 7.11. Surface roughness information was then 
extracted from the full body scan, and is presented in Fig. 7.23f. The height fluctuation 
from maximum to minimum is around 70 nm, nearly 25% of the overall thickness of the 
MSHN (220-300 nm). Since this range of surface heights is relatively large compared to 
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the bulk height of the nanosheet, it is important to determine the impact of the surface 
roughness on the Q factor of the laser cavities formed by the nanosheet. To this end, a 2D 
domain simulation was performed to compare the difference of Q factors between rough 
and perfectly smooth surfaces. In the simulation, the rough nanosheet case used the same 
roughness and length as in the measured MSHN. The bottom surface is assumed to be 
flat. In the case of smooth nanosheet, both the top and bottom surfaces are assumed to be 
flat. The nanosheet in the rough case is assumed to have an average thickness of 230 nm, 
plus the measured height fluctuation, and in the smooth case it was set to exactly 230 nm. 
Fig. 7.23c shows a schematic diagram of the MSHN cross-section to highlight the surface 
height change. The green wavelength range was used to calculate the modes and the 
frequency response of the cavity, shown as Fig. 7.23d, e & g. Although the mode patterns 
of the two cases are slightly different, the Q factors extracted from the frequency 
responses of the stored energy (Fig. 7.23g) have no dramatic difference (< 10% of the Q 
factor differences), as shown in Fig. 7.23h. We attribute this result to the large length-to-
thickness ratio of the nanosheet (>60). Such a large length-to-thickness ratio mitigates the 
scattering effects of the surface roughness and diminishes the Q factor difference between 
the rough and smooth cases. The Q factors in both cases are large enough to allow lasing, 
and the rough surface only slightly decreases it. 
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Figure 7.23 AFM surface scan and theoretical analysis of cavity Q of the nanosheets. a, 
Tapping mode AFM amplitude image of a MSHN. The red arrow indicates the path of the 
surface linescan. Scale bar 5 µm, ~100 nm step size. b, Zoomed in image of the yellow 
dashed area indicated in Fig. 7.23a. Scale bar, 2 µm. c, Schematic cross-section of the 
MSHN with zoomed in height to clearly show the surface roughness. d, 2D mode pattern 
of the MSHN with a rough surface. e, 2D mode pattern of the MSHN with a smooth 
surface. f, Surface roughness information extrapolated from the line-scan indicated in a. 
g, Frequency response of electric energy restored in the cavity. h, Comparison of the Q 
factors of different modes arrowed in g. 
 
7.3.3 How to Calculate the Chromaticity of Mixed Colors from a Multicolor Laser 
or LEDs 
In order to calculate the chromaticity of mixed colors from either LEDs 
(spontaneous emission) or lasers (stimulated emission), we use the same methods as 
explained later, but the way we calculate it for laser differs a little bit. To calculate the 
chromaticity of color mixing for a multicolor laser, the lasing wavelengths and intensities 
of each laser line must be known. As shown in Fig. 7.24a, certain spectral features of 
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spontaneous emission are unavoidably recorded when the spectral collection direction is 
normal to the nanosheet surface, which has maximum spontaneous emission collection 
efficiency but minimum stimulated emission collection efficiency. To study the 
chromaticity of the lasing, the contribution from spontaneous emission was subtracted 
and the pure lasing spectral features were extracted from the overall spectra. Fig. 7.24b 
illustrates how the peak intensities were extracted from the measured spectra. Multi-peak 
Lorentzian fitting was used to extract both the lasing peak intensity and the broadband 
spontaneous emission intensity. By removing the background contribution of 
spontaneous emission, the relative intensity ratio of different lasing peaks can be more 
accurately calculated to determine the combined color due solely to lasing contributions. 
The far-field photography setup used to record the images in Fig. 7.24 collects less 
spontaneous emission, since it collects nearly along the plane of the nanosheet. The 
resulting mixed lasing color is therefore much closer to the extracted spectra than to the 
raw spectra. 
The extracted lasing spectra is then used to calculate the chromaticity point on the 
CIE 1931 color diagram. The following three formulas were used to determine the 
tristimulus values for the lasing color, 
 
where I(λ) is the extracted lasing spectra and ?̅?(λ), ?̅? (λ), and 𝑧̅ (λ) are the color 
matching functions [122]. The chromaticity point of the lasing color can be specified by x 
and y coordinates on the diagram by simply using [122]:  
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Figure 7.24 Extraction of the  lasing peak intensities. a, Illustration of spectra collection 
direction and far-field photograph direction. b, Lorentzian fitting of the lasing peaks and 
spontaneous emission in Fig. 7.20a. 
 
7.3.4 Possible Device Applications using MSHNs  
As a similar concept of the work proposed for two color nanosheets, we can 
create a heterojunction using our MSHNs and a p-type material (Si, in this case). The 
large size of the nanosheets will allow us to deposit separate contacts for each segment, 
and by applying distinct voltages to each segment we can change the relative carrier 
concentrations in each region, thus producing any color of light in a large triangular color 
gamut area through radiative recombination. The working principle of this device is 
exactly the same as for the previous one. As the applied voltage increases, spontaneous 
emission is dominated by stimulated emission because of the appropriate cavity design in 
the MSHNs, and we get full-color tunable lasing from a single nanostructure. Although 
we have not demonstrated this experimentally, we are intensively working on this and are 
likely to achieve this in the near future. History shows that all electrically-driven lasers 
were first demonstrated by optical injection, so this comes as no surprise.  
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Figure 7.25 Schematic diagrams of the full-color tunable (A) LED and (B) laser devices 
based on a ZnCdSSe MSHN. (C) CIE 1931 color space chromaticity diagram with the 
color gamut coverage for LED and laser cases.  
One of the biggest advantages of our nanolasers is that we can get almost any 
color visible to the human with higher brightness and saturation rates, and those can be 
used for full-color laser-based displays with less energy consumption. If we compare 
LED- and laser-based devices, we can clearly see that especially the green color point 
gets close to the white region due to the linewidth (~1.5-2kBT) of the peak centered at 
520 nm. That is not very significant for red and blue light, because the wavelengths in the 
range of 1.2-2kBT linewidths lie on the perimeter of the horseshoe in Fig. 7.25 and, 
therefore, those points are always closer to the edge. Since the human eye is most 
sensitive to green light, getting more saturated green is very desirable for display and 
lighting applications. This does not only improve green, but also expands our color 
gamut, as seen in the CIE diagram.  
In Fig. 7.26, we can see two different display technologies with a comparison to 
our proposed model. Our model can help to get better image quality with less material 
and complexity. It eliminates the need for two polarizers, RGB color filters, liquid 
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crystals and backlit illuminants used in current LCD devices. If we compare with OLED 
screens, the thickness would be similar, but the brightness and the color gamut would be 
significantly improved by using nanosheet-based laser displays. Moreover, the lifetime of 
blue and red organic materials are problematic for the OLED screens, but not for ours. 
Currently, laser-based displays on the market use separate bulky RGB laser sources and 
scanning mirrors, which make the overall device very bulky. MSHN-based laser 
televisions would not be dependent on powerful, bulky RGB lasers and scanning mirrors; 
instead, each MSHN laser would act as a single pixel. If we take a look at table 7.2, we 
can see that our pixel size is comparatively smaller than that used in well-known devices.  
This allows for much higher resolution in displays.   
 
Figure 7.26 Schematic illustration of different display technologies. From left to right: 
LCD, OLED and MSHN Laser. (first and second images taken from Wikipedia.org) 
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Table 7.2 Comparison of pixel sizes of widely used devices and our laser structure. 
(Source: http://en.wikipedia.org/wiki/List_of_displays_by_pixel_density)
 
 
Another device application would be a solar cell or a detector using our MSHNs. 
As seen in Fig. 7.27, we can create Schottky junction solar cells by depositing a metal 
with a larger work function on one side of the nanosheet and a metal with a lower work 
function on the other side to create Schottky and ohmic contacts, respectively. As shown 
underneath the first, third and fourth devices in Fig. 7.27, we can confine the 
photogenerated electrons by the Schottky contact on the left and we can confine the holes 
by the ohmic contact on the right, thus allowing us to separate the carriers and collect 
them from different sides. This is the design made to fabricate very simple devices, but 
we can also create a heterojunction to separate and collect the carriers to improve the VOC 
because the difference between Schottky metal and semiconductor material’s work 
function is not that high, which produces a very small VOC in such solar cells. As we 
increase the number of segments in a single structure in the proposed devices, we can 
increase the total current because they are connected in parallel, but the voltage of this 
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device will be dominated by the smallest VOC, which is not that important at this stage 
because it is usually low in Schottky solar cells anyway.  
Since we are able to grow full composition-graded structures over a single 
substrate, we can also design a detector or solar cell using this type of composition 
grading. As shown in Fig. 7.28, we can deposit an Au contact on the two sides of the top 
layer with very narrow stripes in between. Since we have a big nanostructure network, we 
can form a connection between these two electrodes.  
Both of the devices in Fig. 7.27 & 28 can be used to generate electricity, and can 
be also used to detect the incoming beam’s wavelength in the way spectrometers work. 
As for the previous device proposal, this also has not been experimentally demonstrated, 
but in the future we may try to fabricate such devices to bring convenient wide spectral 
range detectors into the market.  
 
Figure 7.27 Schottky junction solar cell concept based on single MSHNs. Bottom plots 
are the representative band alignments of the corresponding structures above. 
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Figure 7.28 A photodetector concept based on ZnCdSSe full composition-graded 
nanostructures across a single substrate to detect the incident photon wavelength.  
As demonstrated by Ding et al. [70], multicolor lasing from a silica fiber and three 
dissimilar nanowires in hybrid form can be obtained. They grew different nanowires 
using dissimilar materials which give bandgap emission at UV, green and red spectral 
regions and then they attached one nanowire from each separate samples to a silica fiber 
which is used for optical communication. By pumping all these wires with high laser 
power, they got stimulated emission from each, which they coupled into the silica fiber 
using the evanescent field and demonstrated multicolor lasing from the other end of the 
silica fiber.  Since we are able to grow full composition-graded structures on a single 
substrate, we thought that we should also be able to grow those nanostructures on top of a 
silica fiber in a single growth run. In order to do that, we stripped the coating plastic layer 
of the fiber and sputtered Au on top of it. Later, we did exactly the same growth as shown 
in earlier pages (Fig. 7.3) for quaternary alloy full composition-graded structures, and the 
result shows that we grew structures on the fiber as expected. PL measurement along the 
fiber shows that we can cover the region from 425 nm to 700 nm. The reason we cannot 
see any emission below 425 nm is because our detection system has a cutoff at that 
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wavelength value. The actual emission should cover the spectrum from the NUV to NIR.  
By using our growth versatility and the idea used by Ding et al. we can think about 
demonstrating full-color tunable lasers from this simple device by assuming the light 
from nanostructures can be coupled into the optical fiber. If we can achieve this, we can 
get any visible color just by using multiple beams or wide laser beam as illustrated in Fig. 
7.29. This device could be used for more powerful applications than the one we 
demonstrated with a single nanostructure.  
 
Figure 7.29 Full-color tunable hybrid device concept based on the ZnCdSSe full 
composition graded nanostructures on top of an optical fiber.  
7.4 Conclusion  
We have reported the first growth of monolithic multisegment ZnCdSSe 
quaternary alloy nanosheets emitting red, green and blue light, in a single furnace run 
using a CVD system. I developed a unique growth strategy to achieve the growth of 
multisegment structures which exploits the interplay of VLS, VS and dual ion exchange 
mechanisms. Exploration of this novel growth strategy, and design of a specific growth 
sequence under various optimized conditions for each mechanism, allowed for the 
successful growth of nanosheets composed of several parallel segments with the desired 
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alloy compositions, geometry, and a high crystal quality. Each segment can potentially 
have any visible color emission just by changing the growth positions due to the 
temperature-selected composition deposition method utilized for the growth, and it was 
shown that tri-chromatic white light emission from the MSHNs with different CCT 
values was achieved using the growths under different conditions. This growth process 
provides a means of obtaining desirable material-morphology combinations which had 
been previously unobtainable. 
The parallel cavity arrangement of MSHNs significantly reduces the absorption of 
shorter wavelength photons by the narrower bandgap material in comparison with the 
composition-graded 1D nanostructures, allowing for lasing over a wide wavelength 
range.  We have for the first time demonstrated simultaneous RGB lasing from individual 
monolithic ZnCdSSe nanosheets at room temperature, with a wavelength coverage range 
of 191 nm in a single monolithic structure, the largest ever reported. Those were shown 
to cover 70% more perceptible colors than the most commonly-used color space for 
displays. 
These structures are also very promising for electrically-driven white and full-
color tunable lasers. Since they are composed of different segments with distinct bandgap 
energy values, they can be used for efficient solar cells, like tandem cells, and detectors 
to determine incoming light’s wavelength as a spectrometer.  
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Chapter 8 
FUTURE WORK 
We are able to grow any number of segments within a single nanostructure with 
dissimilar compositions, enabling a variety of colors of light emission via our novel 
growth method. Therefore, I am planning to grow more structures with different color 
combinations and fabricate electrically-driven optoelectronic devices for a number of 
novel device applications.  
Besides this, I want to work on the growth of InGaN full composition- graded 
nanowires on the same substrate by applying the elemental composition gradient and 
temperature gradient methods to the halide chemical vapor deposition (HCVD) 
technique. Success with this project would be great for many device applications because 
InGaN can cover an even wider spectral region from UV to IR, which is a very valuable 
feature for solar cells. Also, these materials are much more mechanically and chemically 
stable compared to II-VI materials, and the mobility is also very high, which makes them 
suitable for use in high-speed devices. After the growth of full composition-graded 
nanowires on the same substrate is achieved, we can also try to grow multisegment 
structures, as we demonstrated with ZnCdSSe, to build novel devices.  
In addition to the synthesis, structural and optical characterizations of 
nanostructures, I plan to become more involved in the semiconductor device fabrication 
area and aim to invent practical and versatile devices for humanity utilizing our novel 
materials.   
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